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ABSTRACT 
 
Parkinson’s disease (PD) is a neurodegenerative disorder commonly presenting 
with perceptual and cognitive dysfunction.  Whereas previous work in PD suggests that 
abnormal basal ganglia activity has profound effects on integrated functioning of 
widespread cortical networks, the relation of specific network functions to the perceptual 
and cognitive impairments is still poorly understood. Here, I present a series of fMRI 
investigations of network-level functioning in non-demented individuals with PD with 
the aim of elucidating these associations. 
Study 1 examined the neural correlates of optic flow processing in 23 individuals 
with PD and 17 age-matched control participants (MC). An optic flow network 
comprising visual motion areas V6, V3A, MT+ and visuo-vestibular areas PIVC and CSv 
is known to be important for parsing egomotion depth cues in humans. The hypothesis 
was that individuals with PD would show less activation in these regions than MC when 
processing optic flow. While MC participants showed robust activation in this network, 
	  	   vi 
PD participants showed diminished activity within MT+ and CSv. Diminished CSv 
activity also correlated with greater disease severity.   
Study 2 investigated intrinsic network organization in PD with a focus on the 
functional coupling among three neurocognitive networks: the default-mode network 
(DMN), the salience network (SN), and the central executive network (CEN). Twenty-
four individuals with PD and 20 MC participants were scanned at rest. The hypothesis 
was that PD participants would demonstrate dysfunctional SN coupling with the DMN 
and CEN. Relative to MC, in PD the CEN was less positively coupled with the SN and 
less anti-correlated with the DMN.  
Study 3 investigated the association between functional coupling and cognition in 
the same group that participated in Study 2.  As hypothesized, anti-correlated functional 
coupling between the SN and DMN was related to successful performance on tests of 
executive function, psychomotor speed, and memory retrieval in MC but not in PD, 
suggesting that dysfunction within these networks could underlie early cognitive deficits 
in PD. 
Together, the results from the three studies suggest that dysfunctional activity in 
cortical networks important for visual motion processing and neurocognitive efficiency 
may underlie aspects of perceptual and cognitive impairment in PD. 
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CHAPTER ONE: GENERAL INTRODUCTION 
Parkinson’s disease (PD) is a progressive neurodegenerative disorder that causes 
neurological changes and functional impairments early in the disease process. The 
disease is characterized by the cardinal motor symptoms of tremor, rigidity, slowness of 
movement, and impairments of posture, gait, and balance (Caballol, Marti, & Tolosa, 
2007).  Clinical research in PD has focused on the substantia nigra and the role of 
dopamine in Parkinson’s disease progression and treatment (Goetz, 2011). However, 
there has been growing recognition that the non-motor symptoms of the disease are 
important contributors to quality of life that are not relieved by dopaminergic treatment 
(Cronin-Golomb, 2013; Lewis, Slabosz, Robbins, Barker, & Owen, 2005; Poletti & 
Bonuccelli, 2013).  Understanding the etiology and course of these non-motor perceptual 
and cognitive changes will lead to the development of more targeted and holistic 
interventions in the treatment of PD. 
Perceptual and cognitive deficits are common in Parkinson’s disease (PD), 
affecting approximately one-fourth of diagnosed individuals at disease onset 
(Muslimovic, Post, Speelman, & Schmand, 2005). Many of these individuals are at 
increased risk for developing dementia as the disease progresses (Aarsland, Andersen, 
Larsen, Lolk, & Kragh-Sorensen, 2003; Williams-Gray et al., 2009). The non-motor 
dysfunction present in PD is heterogeneous, manifesting most reliably as visuoperceptual 
disturbance (Armstrong, 2011; Davidsdottir, Wagenaar, Young, & Cronin-Golomb, 
2008), executive dysfunction (Foltynie, Brayne, Robbins, & Barker, 2004; Leh, Petrides, 
& Strafella, 2010), impaired learning and memory (Bronnick, Alves, Aarsland, Tysnes, & 
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Larsen, 2011; Lewis, Dove, Robbins, Barker, & Owen, 2003), and decreased 
psychomotor speed (Uc et al., 2005) in early stages of disease progression. The extent of 
cognitive dysfunction has been correlated with functional impairment in activities of 
daily living and lower quality of life (Forsaa, Larsen, Wentzel-Larsen, & Alves, 2010; 
Klepac, Trkulja, Relja, & Babic, 2008). Furthermore, earlier occurrence of cognitive 
impairment is associated with more rapid decline compared to later-onset cognitive 
dysfunction (Janvin, Larsen, Aarsland, & Hugdahl, 2006; Uc et al., 2009). The 
mechanisms of PD-related motor and non-motor deficits are thought to be related to basal 
ganglia pathology and the resulting dysfunction of basal ganglia-thalamo-cortical 
dopaminergic projections (Barnes et al., 2010; Kwak et al., 2010), but a clear 
understanding of the pathophysiology underlying these non-motor symptoms have yet to 
be elucidated.  
 
1.1 PATHOPHYSIOLOGY AND CORTICO-STRIATAL-
THALAMOCORTICAL CIRCUITRY  	  
Neuropathological staging of PD through examination of synucleinopathy 
(density of Lewy bodies and Lewy neurites) (Braak, Bohl, et al., 2006) has revealed that 
lower-brainstem areas (important to arousal and attention) are affected early in disease 
progression, before the first motor signs of PD (Braak et al., 2003; Gaenslen, Swid, 
Liepelt-Scarfone, Godau, & Berg, 2011; Jacob, Gatto, Thompson, Bordelon, & Ritz, 
2010). It was initially thought that PD pathology extends to the neocortex causing 
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cognitive impairment only in later stages of disease progression (Braak et al., 2003); 
however, newer work suggested that synucleinopathy in neocortical regions may be 
present even earlier in disease progression than the Braak staging scheme suggests, 
questioning the caudal-to-rostral progression of lewy body pathology, and suggesting that 
neuropathology leading to cognitive impairment can occur even in early stages of disease 
progression (Burke, Dauer, & Vonsattel, 2008). The presence of Lewy bodies in the 
cortex has been associated with impairments in cognition in Parkinson’s disease 
(Dickson, Uchikado, Fujishiro, & Tsuboi, 2010), but others have implicated amyloid 
pathology and tauopathy more commonly linked with Alzheimer’s disease and 
progressive supranuclear palsy (Dickson, 2012) as an important cofactor in the 
progression of cognitive impairment in PD (Jellinger, 2009). A fundamental 
understanding of the neuropathological basis of cognitive impairments in PD is yet to be 
established, and would serve to clarify the specific disease stages and precise neural 
systems of interest in investigating the earliest signs of cognitive impairments in PD. 
The mechanisms of PD-related motor and non-motor deficits implicate basal 
ganglia pathology and the resulting dysfunction of basal ganglia-thalamo-cortical 
circuitry (Barnes et al., 2010; Kish, Shannak, & Hornykiewicz, 1988; Kwak et al., 2010). 
The structures of the basal ganglia include subcortical regions considered to be “input” 
structures (caudate, putamen, and ventral striatum) that receive input directly from the 
cerebral cortex and other subcortical “output” structures, including the globus pallidus 
interna, substantia nigra pars reticulata, and ventral pallidum, that project back to the 
neocortex via the thalamus. This circuitry forms parallel loops between the basal ganglia 
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and widespread regions of the neocortex, subserving a range of motor and non-motor 
functions (Alexander, DeLong, & Strick, 1986).  Evidence from tract tracing anatomical 
and physiological experiments have delineated three distinct basal ganglia-thalamo-
cortical circuits: the “limbic loop,” recruiting portions of the ventral striatum; the “motor 
loop,” involving regions of the middle and posterior putamen; and the “associative” or 
“cognitive loop,” running through the anterior striatum (including head of the caudate 
and anterior putamen), projecting to regions of the dorsolateral and cingulate cortices 
(Alexander et al., 1986; Middleton & Strick, 2000a, 2000b). A fourth basal ganglia-
thalamo-cortical loop has more recently been delineated, consisting of neocortical regions 
in the inferior temporal and lateral occipital lobes (Lawrence, Sahakian, & Robbins, 
1998). This visual loop connects higher order visual association areas to the posterior 
caudate and putamen, and has been found to support visuoperceptual abilities and 
visuospatial cognition (Seger, 2013).  
The pathophysiology of cognitive impairment in PD is specifically thought to 
impact specific basal ganglia- thalamo-cortical circuitry distinct from the circuitry 
subserving classic motor symptoms of PD (Bosboom, Stoffers, & Wolters, 2004; Cooper, 
Sagar, Jordan, Harvey, & Sullivan, 1991; Huang et al., 2007; Wang, Buckner, & Liu, 
2014). Studies demonstrating functional changes in the basal ganglia and cerebral cortex 
suggest that PD is a complex network disorder in which abnormal basal ganglia activity 
has profound effects on the excitability of, and synchrony between, multiple cortical 
regions involved in perception, motor planning and execution, and cognitive function 
(Bosboom et al., 2004; Galvan & Wichmann, 2008; Hammond, Bergman, & Brown, 
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2007). The local striatal disruptions in dopamine function negatively impact the 
functioning of the basal ganglia-thalamo-cortical loops, indicating that distributed cortical 
networks beyond the striatum are affected by disease progression (Monchi, Petrides, 
Mejia-Constain, & Strafella, 2006; Moustafa, Krishna, Eissa, & Hewedi, 2013).  
Recent functional connectivity magnetic resonance imaging (fc-MRI) studies 
have tracked the organization of functional neural networks (Pawela et al., 2010) while 
electrophysiological examinations of connectivity have gone further and distinguished 
between pathogenic and compensatory processes among synchronous activity in rat 
models of PD (Moran et al., 2011). DiMartino and colleagues (Di Martino et al., 2008) 
mapped cortico-striatal functional connectivity in healthy young adults using resting state 
fcMRI analysis to examine functional connectivity from six striatal seed regions (ventral 
inferior striatum, ventral superior striatum, dorsal caudate, dorsal caudal putamen, dorsal 
rostral putamen, and ventral rostral putamen). The investigators found that the superior 
ventral striatum, composed of the ventral caudate nucleus, was functionally connected 
with the superior and lateral orbitofrontal cortex, regions implicated in executive function 
and motor planning (Di Martino et al., 2008). By contrast, the inferior ventral striatum, 
composed of the nucleus accumbens, showed correlated activity with the medial 
orbitofrontal cortex, parahippocampal gyrus, and posterior cingulate cortex, regions 
implicated in emotional processing (Di Martino et al., 2008). The dorsal caudate was 
implicated in cognitive control, correlating with activity bilaterally in the dorsolateral 
prefrontal cortex, while the putamen seed regions predicted activity in the primary and 
secondary cortical motor areas. These findings revealed subtler distinctions in cortical 
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connectivity among striatal subregions than had previously been reported, and provided 
evidence for distinct functional networks mapping onto specific cognitive, affective, and 
motor domains. 
The pathophysiology of cognitive impairment in PD is hypothesized to reflect a 
disruption of neuronal circuitry between the striatum and cortical areas in the prefrontal 
and parietal lobes (Carbon & Marie, 2003). Recent work compared resting state 
connectivity between individuals with PD and age-matched control participants by 
focusing on three cortico-striatal loops involving the posterior putamen, the anterior 
putamen, and the caudate nucleus (Helmich et al., 2010). Differences in connectivity 
profiles between PD and an age-matched control group were observed specific to seed 
regions placed in the putamen. In PD, the posterior putamen exhibited decreased coupling 
with the inferior parietal cortex, while the anterior putamen demonstrated increased 
coupling with the same region. The authors proposed that focal dopamine depletion in the 
posterior putamen results in a functional disconnection with the cortex whereas the 
relatively spared anterior putamen demonstrates functional compensation via 
hyperconnectivity with the cortex. This study provides some evidence for a possible 
compensatory phenomenon as a maladaptive consequence of striatal dopamine depletion 
in non-demented individuals with PD in early stages of disease progression. 
 
1.2 LARGE-SCALE NEUROCOGNITIVE NETWORKS 
Functional connectivity magnetic resonance imaging (fcMRI) techniques have 
been used to study intrinsic, or resting state, connectivity patterns between the basal 
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ganglia and the cortex in healthy young adults, older healthy adults, and non-demented 
individuals with PD (Di Martino et al., 2008; Helmich et al., 2010; Papo, 2013). The 
brain’s natural resting state was initially thought to be a passive condition serving as a 
baseline against which other cognitive processes can be compared. This notion of rest as 
a passive state has been replaced with the current idea that the brain’s resting state is a 
dynamic state of maintenance activity (Greicius, Krasnow, Reiss, & Menon, 2003; 
Raichle et al., 2001). A “default mode network (DMN)” comprising the medial prefrontal 
lobes, posterior cingulate cortices, precuneus, inferior parietal, and lateral temporal 
cortices displays increased activity at rest and decreased activity during cognitively 
demanding tasks (Raichle et al., 2001). Even before the concept of the DMN, it has long 
been proposed that spontaneous activity during rest contributes significantly to the 
variability observed in stimulus responses (Arieli, Sterkin, Grinvald, & Aertsen, 1996; 
Fox & Raichle, 2007). The organization of spontaneous resting activity in the brain is 
thought to reflect a history of past task-induced activations and serves to modulate future 
network responses (Ohl, Scheich, & Freeman, 2001; Yao, Shi, Han, Gao, & Dan, 2007), 
and it can be predictive of performance on a range of cognitive tasks (Kounios et al., 
2008).  
Because neuroanatomical and neuroimaging literature suggests that PD primarily 
reflects dopaminergic depletion in the striatum and its connections to neocortex, 
investigations into the functional connectivity of the striatum and large-scale cortical 
networks involved in cognition may clarify pathophysiological mechanisms of observed 
cognitive impairment. Large-scale network analysis exploring brain function across 
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healthy adults and brain-disordered individuals has lead to a conceptual framework 
referred to as the triple network model of pathology. This model highlights three 
distributed cortical networks that are disrupted across many neuropsychiatric disorders 
(Menon, 2011): the default-mode network (DMN), the salience network (SN), and the 
central executive network (CEN) (Greicius et al., 2003; Menon & Uddin, 2010; Seeley et 
al., 2007). These three networks are considered “core neurocognitive networks” because 
they play critical roles across a wide range of cognitive tasks (Menon, 2011). Typically, 
the SN and CEN increase in activation during cognitive tasks in response to external 
stimuli (Dosenbach et al., 2006), while DMN activity is suppressed (Greicius et al., 2003; 
Raichle et al., 2001).  The triple network model posits that during cognitively demanding 
tasks, allocation of attentional resources to external stimuli activates the CEN and 
suppression of more internal, self-referential processes deactivates the DMN (Menon, 
2011), resulting in anti-correlated activity between the CEN and DMN (Fox et al., 2005). 
The SN is responsible for detecting and filtering the relevant information for maintaining 
goal-directed behavior (Menon, 2011; Seeley et al., 2007). Critically, the SN causally 
switches between the central executive network and the default mode network during 
cognitive tasks and the resting state (Menon, 2011; Seeley et al., 2007; Sridharan, 
Levitin, & Menon, 2008), shifting attention between external and internal processes. 
 A primary target of Parkinson’s disease (PD) pathology is the striatum, which 
becomes more dysfunctional as the disease progresses (Ravina et al., 2012). Through 
reciprocal connections, striatal neurons are thought to coordinate activity in many cortical 
regions (Macdonald & Monchi, 2011). In particular, striatal neurons are highly 
	  	  
9 
interconnected with neurons in the insular cortex (Chikama, McFarland, Amaral, & 
Haber, 1997; Fudge, Breitbart, Danish, & Pannoni, 2005), the earliest cortical site of 
alpha-synuclein deposition (Braak, Rub, Schultz, & Del Tredici, 2006) and an important 
node of the SN. Further, dopamine depletion is thought to occur in parallel in the striatum 
and the insula (Christopher, Marras, et al., 2014; Monchi et al., 2006; Shine et al., 2013).  
It has been hypothesized that the loss of D2 signaling in the insula could disrupt the 
modulation of SN activity, impairing its function in switching between other brain 
networks (Menon & Uddin, 2010). Altered cortico-striatal-thalamocortical neurocircuitry 
resulting from dysfunctional striatal dopaminergic function is thought to lead to aberrant 
assignment of salience (Kish et al., 1988; Monchi et al., 2006; Shine et al., 2013). As 
striatal dysfunction is characteristic of PD and worsens with disease severity, functional 
coupling between the striatum and the SN is likely to be disrupted as a function of disease 
progression. 
 In addition to disruption of the SN, decreased functional connectivity between 
nodes of the DMN has been observed in PD during the resting state (Tessitore et al., 
2012) and during cognitively demanding tasks (van Eimeren, Monchi, Ballanger, & 
Strafella, 2009).  Several studies have implicated regions of the default mode network 
(medial and lateral posterior parietal cortices as well as prefrontal cortex) as the neural 
correlates of cognitive impairment in PD (Huang et al., 2007; van Eimeren et al., 2009). 
The striatum is also connected with cortical areas that comprise the CEN through 
reciprocal circuitry with the dorsolateral prefrontal cortex and posterior parietal cortex 
(Alexander & Crutcher, 1990; Kish et al., 1988; Leh, Chakravarty, & Ptito, 2008), which 
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display abnormal activations in PD during cognitively demanding tasks (Carbon, Reetz, 
Ghilardi, Dhawan, & Eidelberg, 2010; Eidelberg, 2009; Lewis, Dove, et al., 2003; 
Schendan, Tinaz, Maher, & Stern, 2013; Tinaz, Schendan, & Stern, 2008).  As yet, we 
still do not have a clear understanding regarding the relation between PD pathology and 
the functional integrity of the SN, DMN, and CEN. A critical question remains as to 
whether disruptions to the functional integrity of the striatum and core neurocognitive 
networks predict early non-motor perceptual and cognitive changes observed in 
individuals with PD. This question represents one of the goals of the fMRI experiments 
described in this thesis. 
 
1.3 VISUOPERCEPTUAL AND COGNITIVE DYSFUNCTION IN PD  	  
The cognitive deficits in PD are heterogeneous, manifesting as executive 
dysfunction (Foltynie et al., 2004), impaired working memory (Lewis, Cools, et al., 
2003), visuospatial cognitive impairment (Amick, Schendan, Ganis, & Cronin-Golomb, 
2006; Poletti, De Rosa, & Bonuccelli, 2012; Stepkina, Zakharov, & Yakhno, 2010), 
perceptual deficits (Armstrong, 2011; Davidsdottir et al., 2008; Schendan, Amick, & 
Cronin-Golomb, 2009), impaired attention and planning (Dujardin, Degreef, Rogelet, 
Defebvre, & Destee, 1999; Williams-Gray et al., 2009), and decreased speed of 
information processing (Uc et al., 2005). Frontally-based impairments (executive 
functions, impaired attention and planning) have historically been the focus of research 
into cognitive impairments in PD. Long-term memory recall is also impacted in some 
individuals with PD, implicating the medial temporal lobes and areas of the default mode 
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network (Amick et al., 2006; Bronnick et al., 2011; Ibarretxe-Bilbao, Junque, Marti, & 
Tolosa, 2011). More recently, investigators have focused on understanding visuospatial 
cognition in PD with a focus on parietal and occipital regions as well as their connections 
to other brain areas (Amick et al., 2006; Cronin-Golomb, 2010; Poletti et al., 2012; 
Schendan et al., 2009; Stepkina et al., 2010).  
Some of the visuospatial impairments seen in PD patients may be related to 
changes in how egocentric visual motion, or optic flow, information is processed. Optic 
flow displays can mimic flow field motion as it is experienced in everyday life, and 
include visual information about our own movement (ego-motion) as well as the 
environment we are moving in (Dukelow et al., 2001; Durant & Zanker, 2012). 
Functional MRI and psychophysical experiments have identified human cortical areas 
that are selective to visual motion processing, including the MT complex (MT+; (Duffy, 
2009; Tootell et al., 1997). Area V6, located in the dorsal parieto-occipital sulcus, has 
been described as selectively responding to expanding egocentric flow field visual 
motion information in young adult humans (Cardin & Smith, 2010; Pitzalis et al., 2006; 
Pitzalis et al., 2010).  
 In addition to MT+ and V6, several other regions responsive to egocentric 
coherent motion in the parietal lobes have been identified. These include visuo-vestibular 
regions thought to process visual input and integrate the signal with vestibular 
information, including the cingulate sulcus visual area (CSv; (Cardin & Smith, 2010; 
Fischer, Bulthoff, Logothetis, & Bartels, 2012; Wall & Smith, 2008) and the parieto-
insular vestibular cortex (PIVC) (Cardin & Smith, 2010). Areas of the parietal lobe and 
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parieto-occipital sulcus are affected by PD pathology (Levin et al., 1991; Vaugoyeau & 
Azulay, 2010), and behaviorally, individuals with PD have shown optic flow perceptual 
deficits linked to veering and navigation error (Davidsdottir et al., 2008; Young et al., 
2010). However, the neural mechanisms of optic flow perceptual dysfunction at the 
cortical network level are not as yet clearly understood. 
With regard to higher order cognitive processing, we know that cortical regions 
share connectivity with the striatum and are involved in various cognitive tasks. 
However, we do not yet have an understanding of how PD pathology may be impacting 
these cortical regions, including the dorsolateral prefrontal cortices, the ventromedial 
prefrontal cortices, and posterior parietal lobes, including lateral parietal cortices and 
posterior cingulate cortices. As previously mentioned, local striatal disruptions in 
dopamine function negatively impact the functioning of the striato-thalamo-frontal loops, 
emphasizing the fact that distributed neocortical networks beyond the striatum are 
affected by disease progression (Monchi et al., 2006; Moustafa & Poletti, 2013). 
Specifically, it is thought that the dorsal caudate supports executive processing (Seger & 
Cincotta, 2005, 2006), and is functionally and structurally connected with the dorsolateral 
prefrontal cortex (PFC) (Di Martino et al., 2008). Executive functioning tasks including 
set-shifting, flexible problem-solving, and monitoring and sequencing tests elicit both 
lateral PFC and striatal activity (Monchi et al., 2006; Tinaz et al., 2008). Sustained 
attention and inhibitory control are associated with a bilateral though slightly right 
lateralized network of regions in the prefrontal cortex (Aron & Poldrack, 2005; Esterman, 
Noonan, Rosenberg, & Degutis, 2013), particularly the insular/opercular cortex and its 
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connections to the anterior cingulate cortex, together comprising the salience network 
(Seeley et al., 2007), as well as dorsolateral prefrontal cortex. The salience network (SN) 
and the default mode network (DMN) are also critical for tasks requiring cognitive 
control of attention. In response to externally salient events, the salience network is 
activated (Seeley et al., 2007) and the DMN is suppressed (Buckner, Andrews-Hanna, & 
Schacter, 2008), while during internally focused attention, such as self-monitoring or 
memory recall, the DMN is activated (Spreng, Mar, & Kim, 2009). This pattern results in 
anti-correlated activity between the SN and DMN during episodes of successful cognitive 
effort. Though we have a framework for how cognition is supported in healthy humans, it 
is not yet clear what role these large-scale neurocognitive networks play in the 
development and progression of cognitive impairment in PD. 
 
1.4 AIMS OF THE PRESENT STUDIES  
In order to understand brain-cognition relations in PD prior to development of 
severe cognitive impairment and dementia, the studies described in this thesis aimed to 
elucidate PD-related dysfunction in neural activation and intrinsic functional connectivity 
among brain regions important for visuospatial perception of optic flow, as well as 
higher-order aspects of cognitive control, including executive function, sustained 
attention and speed of information processing, and memory. Study 1 aimed to identify 
differences in the neural processing of optic flow motion information in individuals with 
Parkinson’s disease compared to age- and education matched control participants (MC). 
Study 2 aimed to examine the resting state intrinsic functional connectivity between the 
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striatum and three large-scale neurocognitive networks: the salience network (SN), the 
default mode network (DMN) and the central executive network (CEN) in PD and MC 
participants. The goal of this study was to determine if there are any differences 
observable in inter-network functional coupling in PD, and if these changes relate to 
disease severity. Study 3 followed up on the goals of Study 2 and aimed to determine if 
functional coupling among the neurocognitive networks was related to cognitive abilities 
differently in a group of non-demented individuals with PD compared to MC 
participants. These studies ultimately aim to inform the development of more effective 
and holistic treatment options capable of reducing PD symptomatology and improving 
quality of life. 	  
1.5 GENERAL METHODOLOGY 
Detailed methods for each of the three studies described are elaborated on in Chapters 2, 
3, and 4, respectively.  
1.5.1 Participants 
Non-demented patients with idiopathic PD were referred from the Parkinson’s 
Disease Center (PDC) of Boston Medical Center as well as from Boston area PD support 
groups (see demographic tables). Participants included patients who met the clinical 
criteria for mild to moderate stage PD progression (Hoehn and Yahr stages I-III). Disease 
severity was rated in the laboratory with the Unified Parkinson’s Disease Rating Scale 
(UPDRS) (Goetz et al., 2008) and the Hoehn and Yahr scale (Hoehn & Yahr, 1967) 
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where I is unilateral, mild progression, II is bilateral, mild progression, and III is bilateral, 
moderate progression. 
PD presentations are heterogeneous with respect to side of initial motor symptom 
at onset, age at disease onset, stage of motor impairment, disease duration, and levodopa 
medication usage (see demographic tables). Side of motor symptom onset and type of 
motor symptom at onset was determined through patient and neurologist report. Extent of 
motor asymmetry was examined with the UPDRS, which measures the right and left side 
of the body separately for tremor, rigidity, finger tapping, hand movements, and leg 
agility on a scale of 0-4. Individuals with PD who were on anti-parkinsonian medications 
were enrolled in this study. Duration and dosage of medication was examined with 
respect to cognitive performance and fMRI measures of neural activity. All dopaminergic 
medication dosages, including levodopa-carbidopa doses and dopamine agonists, were 
converted to levodopa equivalents (LED) according to formulas derived from current 
convention (Tomlinson et al., 2010). LED values were correlated with measures of neural 
activity, functional connectivity between neural networks, and measures of cognitive 
performance to investigate possible associations or influences of dopaminergic 
medication on any of our variables of interest. fMRI scanning as well as cognitive testing 
took place when patients were at peak “ON” levels of medication, approximately 60-90 
minutes after the optimized daily dose was taken.  
Age- and education- matched control participants (MC) were recruited from the 
Boston community (see demographic tables). They received detailed health history 
screening to rule out any neurological or psychiatric disorders. MC participants were also 
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matched to individuals with PD based on gender, in addition to age and education. 
General inclusion and exclusion criteria were as follows. Participants were required to 
have at least eight years of formal education, be native speakers of English, or have 
completed high school in English. Participants were required to be living at home and in 
relatively good health. Exclusion criteria included serious co-existing chronic medical 
(including psychiatric or neurological) illness, intellectual disability, use of psychoactive 
medications aside from antidepressants and anxiolytics in the PD group, history of 
intracranial surgery, traumatic brain injury, history of substance abuse, or treatment with 
electroconvulsive therapy. On the Mini-Mental State Examination (MMSE) (Dick et al., 
1984), a cut-off score of 25 was used for all participants as classification for dementia. 
All participants received detailed health history screening and a neuro-opthalmological 
examination to ensure eye integrity and rule out ocular disease or abnormality.  
1.5.2 Procedures 
 All participants underwent behavioral and cognitive assessment in the laboratory 
a day before undergoing neuroimaging procedures. All details are further elaborated in 
the chapters 2-4 of this dissertation. Each scanning session included approximately 
twenty minutes of structural imaging, thirty minutes of a task-based functional magnetic 
resonance imaging (fMRI) protocol, described in Chapter 2, followed by approximately 
six minutes and thirty-five seconds of a task-free “resting state” fMRI protocol, which is 
further described in Chapters 3 and 4. Structural images were processed and analyzed 
using the open source FreeSurfer (Version 4.5.0) software, and functional images were 
processing using either the Statistical Parametric Mapping software (SPM8; Wellcome 
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Department of Cognitive Neurology, London, UK) as described in Chapter 2, or the 
FMRIB Software Library (Version 5), as described in Chapters 3 and 4.  	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CHAPTER TWO: FUNCTIONAL CORRELATES OF OPTIC FLOW MOTION 
PROCESSING IN PARKINSON’S DISEASE1 	  
2.1 INTRODUCTION 
 Parkinson's disease (PD) is a progressive neurodegenerative disorder 
characterized by tremor, rigidity, postural instability, bradykinesia, and gait disturbance 
(Young et al., 2010), as well as non-motor dysfunction including perceptual deficits 
(Armstrong, 2011; Davidsdottir et al., 2008) and visuospatial impairment (Amick et al., 
2006; Poletti et al., 2012; Stepkina et al., 2010). Some of the visuospatial impairments 
seen in PD patients may be related to changes in how egocentric visual motion, or optic 
flow, information is processed. Identifying changes in the neural basis of optic flow 
processing in early PD may provide insight into how visuospatial cognition becomes 
dysfunctional in this disorder. 
 Optic flow perception has been linked to disturbances in gait (Davidsdottir et al., 
2008), heading direction (Chou et al., 2009) and navigational abilities (Young et al., 
2010) in PD, and is a critical aspect of visuospatial cognition (Warren, Kay, Zosh, 
Duchon, & Sahuc, 2001). Optic flow paradigms mimic flow field motion as it is 
experienced in everyday life and include important visual information about our own 
movement (egomotion) as well as the environment we are moving through (Durant & 
Zanker, 2012). Prior functional magnetic resonance imaging (fMRI) studies have 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 This chapter has been published as: Putcha, D., Ross, R.S., Rosen, M.L., Cronin-
Golomb, A., Somers, D.C., Stern, C.E.  (2014) Functional correlates of optic flow motion 
processing in Parkinson’s disease. Frontiers in Integrative Neuroscience. 
8:57.doi:10.3389. 	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identified a network of human cortical areas that are responsive to optic flow motion 
processing, comprising visual motion and visuo-vestibular integration regions. Visual 
motion areas include the MT complex (MT+)(Duffy, 2009; Seiffert, Somers, Dale, & 
Tootell, 2003; Tootell et al., 1997), area V6, located in the dorsal parieto-occipital sulcus 
(Pitzalis et al., 2006), and area V3A, which is positioned laterally and inferior to the 
parieto-occipital sulcus (Cardin & Smith, 2010; Tootell et al., 1997). The optic flow 
network also includes vestibular regions thought to process visual input, including the 
parieto-insular vestibular cortex (PIVC) and cingulate sulcus visual area (CSv)(Cardin & 
Smith, 2010; Wall & Smith, 2008). PD pathology impacts optic flow perception at the 
behavioral level, characterized by veering and navigational difficulty (Davidsdottir et al., 
2008; Young et al., 2010), and structurally, as observed in atrophy of regions of the 
parietal lobe and parieto-occipital sulcus (Tinaz, Courtney, & Stern, 2011). 
 We used fMRI to investigate neural correlates of optic flow processing with a 
focus on previously delineated optic flow processing areas of the brain in PD patients and 
age-matched healthy control participants (MC). Controlling for speed in stimulus 
presentations, we contrasted activation responses during coherent and egocentric flow 
field visual motion processing from non-coherent, random motion processing, in order to 
isolate effects from optic flow. Additionally, we examined the ability of participants to 
determine the direction of coherent motion, and related these findings to PD severity.  
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2.2 MATERIALS AND METHODS 
2.2.1 PARTICIPANTS 
Twenty-four individuals diagnosed with PD and twenty healthy MC adults were 
initially enrolled. One MC participant was excluded because neuro-ophthalmological 
examination revealed advanced glaucoma.  Two additional MC and one PD participants 
were excluded on the basis of excess motion in the scanner, resulting in a total of 17 MC 
(7 men, mean age 62.1 years, 1 left-handed) and 23 PD (12 men, mean age 63.5 years, 3 
left-handed). All participants provided informed consent in a manner approved by the 
institutional review boards at Boston University and Massachusetts General Hospital. All 
study procedures conformed to ethical standards of experiments with human subjects. PD 
and MC were matched on age, education, male-to-female ratio and visual acuity, and 
were screened for neurological and psychiatric illness (Table 1).   
Participants diagnosed with idiopathic PD were recruited from the Parkinson's 
Disease Center at Boston Medical Center. All participants taking anti-parkinsonian 
medications were scanned at peak “ON” levels of medication, and all neurocognitive and 
testing was done when participants were on medication. All patients were on a 
combination of levodopa-carbidopa, dopamine receptor agonists, or monoamine oxidase 
B inhibitors. Four patients were also on antidepressant medication, and two other patients 
on anti-anxiety medication as needed. Levodopa Equivalent Dosage was calculated as per 
convention(Tomlinson et al., 2010) to be 410.61 mg/day on average in the PD group.  
Individuals met the clinical criteria for mild to moderate PD (Hoehn and Yahr stages I-
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III) as assessed by the Unified Parkinson’s Disease Rating Scale (UPDRS)(MDS, 2003). 
The median Hoehn and Yahr staging was 2.0, ranging from 1.0 (unilateral) to 3.0 
(moderate bilateral). Average total score on the UPDRS was 26.8 and average motor sub-
score was 15.5. 
 All participants were screened for contraindications to MRI. At study entry, the 
Mini-Mental State Examination (MMSE) was administered to screen for mental status 
and rule out dementia; no participant met criteria for dementia (Table 1). All participants 
received detailed health history screening and a neuro-ophthalmological examination to 
ensure eye integrity and rule out ocular disease or abnormality. Other exclusionary 
criteria included coexisting, chronic medical illnesses, use of psychoactive medication 
besides antidepressants and anxiolytics in the MC group (allowed in PD), history of 
intracranial surgery or head trauma resulting in a loss of consciousness, and history of 
drug and alcohol abuse. 
2.2.2 NEUROIMAGING PROCEDURE 
Each scanning session included 20 minutes of structural imaging sequences 
followed by six runs of the functional optic flow. Each functional run (duration: 4 min 
24s; repetition time = 2s) consisted of 8 cycles of 16-second alternating blocks of flow 
motion (“flow”) and random motion (“random”), with the first condition randomly 
chosen. 2000 moving white dots (each 2 arc-min x 2 arc-min; dot duration 500ms) were 
presented within a full screen aperture measuring 10.5 degrees (height) by 16.7 degrees 
(width). Dot density was 4.14 dots/cm2. In both the “flow” and “random” conditions, dot 
speed scaled with radial distance from the fixation cross (Figure 1). In the “flow” 
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condition, all dots moved with a coherent expansion/contraction direction and/or 
consistent rotation direction about the central fixation cross (focus of 
expansion/contraction). In the “random” condition, the dot speed was the same as in the 
flow condition, but the direction of dot movement was random. In order to drive a 
maximal number of neurons sensitive to optic flow information, the expansion and 
contraction of optic flow changed several times per block. There were eight mini-blocks 
in total throughout each “flow” condition alternating between clockwise and 
counterclockwise flow during inward and outward contraction/expansion movement of 
dots, respectively. The direction of dot flow pattern changed between these eight mini-
blocks every 500ms, synchronous with the appearance of a new set of dots (i.e., dot 
duration = 500ms).  Participants were instructed to relax and maintain fixation in the 
center of the screen. Visual stimuli were presented with VisionEgg (Straw, 2008). Stimuli 
were projected from a rear-projection screen and reflected via a mirror that was attached 
to a 12-channel head coil.  
2.2.3 IMAGE ACQUISITION 
Participants were scanned using a Siemens Trio 3T scanner (Siemens Medical 
Systems, Erlangen, Germany) at the Athinoula A. Martinos Center for Biomedical 
Imaging. T1-weighted Magnetization Prepared- Rapid Acquisition Gradient Echo (MP-
RAGE) structural scans were acquired using generalized auto-calibrating partially 
parallel acquisition (GRAPPA): repetition time = 2530 msec, echo time = 3.44 msec, 
inversion time = 1100 msec, flip angle = 7 degrees, field of view = 256mm, slice 
thickness= 1 mm, 176 sagittal slices (right to left). Blood oxygen level dependent 
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(BOLD) fMRI data during presentation of visual stimuli were acquired using a T2*-
weighted gradient-echo echo-planar imaging (EPI) sequence: TR = 2000ms, TE= 30ms, 
FA= 90 degrees, FOV = 256mm, in-plane resolution 4 x 4 mm2. Thirty-two axial 
(anterior to posterior) slices with a thickness of 4.0 mm were acquired, oriented parallel 
to the anterior-posterior commissural line. Six functional runs per scan session were 
acquired, each consisting of 128 whole-brain acquisitions collected immediately after 
acquisition of four “dummy” TRs for T1 stabilization.  
2.2.4 IMAGE PROCESSING AND ANALYSIS 
MP-RAGE images were processed using FreeSurfer (version 4.5.0) 
(http://surfer.nmr.mgh.harvard.edu). Standard preprocessing of structural volumes 
produced reconstructions that were used to determine if there were any areas of cortical 
atrophy. The FreeSurfer parcellations were also used to define individual calcarine sulcus 
labels from which to extract magnitude of activation during the task in each individual’s 
primary visual cortex. This was done to ensure that activation in the primary visual cortex 
was comparable between PD and MC groups so that in the event that other cortical 
activation differences emerged, those results could be interpreted as a result of higher 
order visual processing. fMRI data were preprocessed using Statistical Parametric 
Mapping (SPM8; Wellcome Department of Cognitive Neurology, London, UK) for 
MatLab (The Mathworks, Inc, Natick, Massachusetts, USA). Functional data were re-
oriented so that the origin was at the anterior commissure, and standard preprocessing 
was conducted including motion regression, segmentation, and spatial normalization into 
standard Montreal Neurological Institute (MNI) space using Diffeomorphic Anatomical 
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Registration Through Exponentiated Lie algebra (DARTEL)(Ashburner, 2007). Data 
were then smoothed using a 6mm FWHM Gaussian kernel. Quality assurance by motion 
correction regression was conducted, and time points with greater than 2mm of motion 
were modeled out of the analysis, which occurred for less than a third of all available 
timepoints for only three participants.  
 Trials were analyzed in a block design format. Conditions were classified as 
either flow or random (Figure 1). Following the methods used by Pitzalis et al., 2010, 
blocks were modeled as 16s boxcars using the onset of each condition, and T contrasts 
were constructed examining differences in fMRI activation during the flow compared to 
random condition within each individual to capture activation response to flow 
information that was not responsive to random motion. Analysis was based on a mixed-
effects general linear model in SPM8.  
2.2.5 ANALYSIS MEASURES 
Functional whole brain activation maps of flow vs. random were generated in all 
participants together at a voxel activation threshold of p<0.001 cluster corrected to 
p<0.01 using an extent threshold of 46 contiguous resampled voxels calculated with the 
AFNI program 3dClustSim. Next, we performed ROI analysis specific to the optic flow 
network. Peak activations in our five a priori regions of interest (V6, V3A, MT+, CSv, 
and PIVC) were identified at the whole group level (PD and MC; Figure 2A). 
Coordinates of peaks are similar to previously published definitions of these regions 
(Cardin & Smith, 2010; Pitzalis et al., 2010; Tootell et al., 1997): MNI xyz: V6: RH [24 -
76 32], LH [-20-78 32]; V3A: RH [22 -84 20], LH [-22 -88 18]; MT+: RH [46 -58 2], LH 
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[-40 -70 6]; PIVC: RH [44 -26 22], LH [-44 -32 20]; CSv: RH [14 -22 48], LH [-12 -20 
44]. 5 mm radius spheres around these peak activated voxels were constructed using the 
MarsBaR toolbox for SPM8. Magnitude of activation defined as percent signal change 
was then calculated from each of these ROIs. In order to test whether signal measured 
from the optic flow network ROIs during the flow vs. random contrast was significantly 
different for MC and PD, a Group x ROI analysis of variance was conducted on the 
extracted activation data, followed by post hoc two-sample t-tests. All measures of 
functional activation were averaged across hemispheres for every ROI to create a 
“bilateral” measure of activation. Next, bivariate correlations yielding Pearson’s product-
moment correlation coefficients were used to determine the association between activity 
in the ROIs and disease severity in the PD participants, as well as between ROI activity 
and behavioral performance on the coherent motion detection task in MC and PD 
separately. 
2.2.6 COHERENT MOTION BEHAVIORAL TASK 
A subset of PD (N= 13) and MC (N=12) participants underwent a psychophysical 
experiment of coherent motion detection. The stimulus was a random dot pattern (RDP) 
containing signal and noise dots. The signal dots all moved either left or right on any 
given trial and the noise dots were assigned a random direction at the beginning of 
presentation and maintained that direction throughout the trial. All dots (200 dots, dot 
density= 0.97 dots/deg) were white presented on a black background. The dot pattern was 
presented in a circular window subtending 16.2 degrees of visual angle with the signal 
and noise dots spatially interleaved. The stimulus was presented for 250 msec on a 21” 
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CRT monitor (Hewlett Packard P 1230) running at 120 Hz at 1024x768 resolution. 
Participants sat 61cm from the screen. The task was to report the direction of the signal 
dots (left or right). The stimulus comprised 3, 6, 12, 24, 48, or 96% signal dots with the 
remainder being noise dots. The main outcome measure of the task was the coherent 
motion threshold. This was extracted by fitting a Weibull function(Britten, Shadlen, 
Newsome, & Movshon, 1992) to the accuracy data across the six coherence levels for 
each participant. The threshold was defined as the minimum coherence level 
corresponding to 80% accuracy on the Weibull function (Norton, McBain, Ongur, & 
Chen, 2011). 
 
2.3 RESULTS 
2.3.1 PD IS ASSOCIATED WITH REDUCED ACTIVITY IN CSv AND MT+ 
ROI analysis focused on five cortical regions previously identified as key nodes 
of the optic flow network in healthy young adults (Cardin & Smith, 2010). These ROIs 
were defined from the significant activation patterns observed for all participants (Figure 
2A). With respect to activation differences during the flow vs. random contrast between 
MC and PD groups, areas CSv and MT+ showed lower activation at the whole brain level 
(Figure 2B, Figure 2C). A Group x ROI ANOVA of percent signal change revealed a 
main effect of group (F=4.23, dof = 1, p= 0.04), and a main effect of ROI (F=3.12, dof = 
4, p=0.03). Post-hoc t-tests revealed significantly less activation in PD than MC 
specifically in CSv (t=2.34, dof = 38, p=0.02) and MT+ (t=2.13, dof = 38, p=0.04). All 
other regions showed statistically comparable activation between groups: V6 (t=1.46, dof 
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= 38, p=0.16), V3A (t=-0.26, dof = 38, p=0.79), PIVC (t=1.29, dof = 38, p=0.20). There 
were no group differences in V1 activity (p>0.9).  
2.3.2 DISEASE SEVERITY IS RELATED TO ACTIVITY IN CSv 
Activation in CSv was negatively associated with disease severity within the PD 
group, as measured by the total UPDRS score (r=-0.56, p=0.02), such that more severe 
disease was correlated with lower activation in this region (Figure 3). There were no 
significant associations between activation in the other optic flow network regions and 
disease severity.  
2.3.3 DISEASE SEVERITY IS RELATED TO COHERENT MOTION DETECTION 
In order to assess coherent motion processing behaviorally in PD and MC, 
performance on the coherent motion task was analyzed for detection threshold at a level 
of 80% accuracy in each individual. There was no significant difference between MC and 
PD in detection thresholds (p>0.4), suggesting that the PD group did not differ from MC 
in low-level motion processing. Within the PD group however, we found a positive 
association between disease severity and the coherent motion threshold (r=0.69, p=0.01), 
such that more progressed individuals with PD required higher dot coherency to 
successfully determine the direction of motion. This suggests that increased severity of 
PD is associated with impaired low-level motion perception. Coherent motion detection 
thresholds in the PD group did not correlate with activation in any regions of the optic 
flow network. 	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2.4 DISCUSSION 
We examined the functional neural correlates of optic flow processing in PD in 
light of existing behavioral evidence suggesting that disruption in optic flow processing 
may underlie visuospatial deficits observed behaviorally (Davidsdottir et al., 2008; 
Young et al., 2010). In healthy young adults, visual cortical areas V6, V3A, and MT+ 
have been characterized as extracting coherent motion cues selective for self-motion 
(Cardin & Smith, 2010, 2011; Pitzalis et al., 2010). In addition to these visual motion 
areas, two regions thought to process and integrate visuo-vestibular input have also been 
identified as responsive to optic flow stimuli: PIVC and CSv (Cardin & Smith, 2010; 
Wall & Smith, 2008). In the present study, we established that healthy older adults and 
individuals with PD also process optic flow in this network of regions similar to what has 
been observed in young adults. Importantly, we found that individuals with PD showed 
changes in activation patterns compared to the healthy aging group within the optic flow 
network overall, and specifically, demonstrated less activity within visual motion area 
MT+ and the visuo-vestibular region CSv in response to perception of optic flow. 
Additionally, within the PD participants, disease severity was correlated with 
activity in CSv during the optic flow task, further suggesting that this region is targeted 
by PD pathology. These findings provide new evidence delineating functional neural 
correlates of disrupted optic flow processing that have been demonstrated behaviorally in 
PD (Davidsdottir et al., 2008). Further, activity in V1 during this task, together with 
normal visual acuity, confirmed intact lower-level vision, suggesting that the difference 
between groups in optic flow processing derives specifically from compromised 
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functioning in regions of the optic flow network. Although the PD participants in this 
study did not differ behaviorally from MC in the ability to detect direction of coherent 
motion, success on this task was related to disease severity scores in PD, indicating that 
within this group of mild-to-moderate PD, those who demonstrated difficulty detecting 
the direction of coherent motion were also those with more severe disease-related 
impairment. Though it is important to consider the effect of levodopa medication status 
on these findings, we established that measurements of levodopa equivalent dosage in our 
PD participants were not significantly related to disease severity or activation in CSv, 
rendering the drug effect unlikely to fully account for our observations. 
 Motion information feeds forward from lower-level visual motion areas (V1, 
MT+, V3A, V6) to more anterior regions of this optic flow network (PIVC and CSv), 
where vestibular information about body position in space is processed to create an 
integrated sense of optic flow perception relative to the self (Browning, Grossberg, & 
Mingolla, 2009). PIVC and CSv receive inputs from V6 and MT+ (Cardin & Smith, 
2010) and activate in response to stimuli consistent with coherent egomotion (Cardin & 
Smith, 2010; Wall & Smith, 2008). CSv has previously been described as a region that 
integrates visual input with vestibular signals, and has been implicated in the visual and 
postural orientation of oneself in the environment (Cardin & Smith, 2010; Dean & Platt, 
2006; A. T. Smith, Wall, & Thilo, 2012; Vogt, Vogt, & Laureys, 2006). Individuals with 
PD have demonstrated difficulty with proprioceptive orientation (Jacobs & Horak, 2006; 
Vaugoyeau & Azulay, 2010), consistent with our finding of reduced functional activation 
in CSv in response to optic flow stimuli. 
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  These findings suggest that PD pathology influences optic flow processing even 
in the mild to moderate stages of the disease. An important caveat is that our PD 
participants were studied “ON” medication, and it may be of interest to examine 
participants off medication in future studies. The observed reduction in functional activity 
during optic flow processing, particularly in CSv, may underlie proprioceptive integration 
deficits that have been identified as giving rise to later postural instability (Vaugoyeau & 
Azulay, 2010) and visuospatial dysfunction (Amick et al., 2006; Poletti et al., 2012; 
Stepkina et al., 2010). Because changes at the neural level often precede striking behavior 
changes, we postulate that as the disease progresses, the failure to integrate egomotion 
visual cues with vestibular input in PD leads to a decline in visuoperceptual cognitive 
function. We suggest that the observed reduction in activation in MT+ and CSv may 
precede early signs of visuospatial cognitive decline and postural instability as the disease 
progresses. 	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2.5 CHAPTER TWO TABLE AND FIGURES 
Table 1. Participant Demographics, Perceptual Screening, and Mood Assessment. 
Values presented in the table are means ± standard deviations, unless otherwise noted. 
UPDRS: Unified Parkinson’s Disease Rating Scale. * p < 0.01, **p < 0.001. 
 MC (N = 17) PD (N = 23) 
Age (years) 62.1 ± 9.3 63.5 ± 5.9 
Male/Female  7/10 12/11 
Education (years) 16.9 ± 2.2 17.7 ± 2.1 
UPDRS Total -- 26.8 ± 11.5 
UPDRS Motor -- 15.6 ± 7.5 
Levodopa Equivalent 
Dosage 
(mg/day) -- 410.6 ± 263.6 
Hoehn and Yahr -- 2 (median) 
Visual Acuity Near            
(log transform) 0.06 ± 0.12 0.03 ± 0.27 
Visual Acuity Far             
(log transform) 0.01 ± 0.11 -0.08 ± 0.23 
Beck Depression 
Inventory* 2.2 ± 3.1 6.1 ± 4.7 
Beck Anxiety Inventory** 1.9 ± 2.1 5.8 ± 3.8 
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Figure 1. Optic Flow Stimuli Illustration.  Optic flow motion stimuli (A) simulate 
forward and backward motion using dot fields that are expanding or contracting while 
rotating about a central focus. Random motion (B) simulates non-coherent motion using 
dots moving at the same speeds used in optic flow, but with random directions of 
movement. In the illustrations, the length of arrows corresponds with dot speed, 
indication that dot speed increases with distance away from the center. 
 
 
A. Optic Flow Illustration B. Random Motion Illustration
Figure 1.
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Figure 2. Optic Flow (flow > random) Group Activation.  (A) Whole group activation 
in the optic flow network, including V6, V3A, MT+, PIVC, and CSv shown below, 
p<0.001, cluster corrected with a 46 voxel extent threshold to p<0.01, at MNI xyz [-17 -
34 0]. Scale bars represent the t-statistic. (B) Whole brain between group t-tests show that 
CSv and MT+ are significantly more activated in MC than PD, p<0.01 cluster corrected 
with a 40 voxel extent threshold. Scale bars represent the t-statistic. (C) Results presented 
here are another visualization of magnitude of activation presented in (B), depicting 
higher activation in CSv and MT+ for MC than PD. 
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Figure 3. Activation in CSv related to disease severity. Activation in response to optic 
flow in area CSv is correlated with disease severity measured by the Unified Parkinson’s 
Disease Rating Scale (UPDRS; r=0.56, p=0.02), such that worse disease severity is 
associated with less activation. Each point on the plot represents one individual with 
Parkinson’s disease. 
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CHAPTER THREE: ALTERED INTRINSIC FUNCTIONAL COUPLING 
BETWEEN CORE NEUROCOGNITIVE NETWORKS IN PARKINSON’S 
DISEASE2 	  
3.1 INTRODUCTION 
 Many neurological and psychiatric disorders are associated with disrupted 
functional connectivity between important neurocognitive networks, providing insights 
into the aberrant brain organization inherent to these disorders. Large-scale network 
analysis exploring brain function across healthy adults and brain-disordered individuals 
has lead to a conceptual framework referred to as the triple network model of pathology. 
This model highlights three distributed neurocognitive networks which are critical to 
maintaining effective neural communication and are found to be disrupted across many 
neuropsychiatric disorders (Menon, 2011): the default-mode network (DMN), the 
salience network (SN), and the central executive network (CEN) (Greicius et al., 2003; 
Menon & Uddin, 2010; Seeley et al., 2007). Typically, the SN and CEN increase 
activation in response to external stimuli (Dosenbach et al., 2006), whereas DMN activity 
is suppressed, resulting in anti-correlated coupling between the CEN and DMN (Fox et 
al., 2005; Greicius et al., 2003; Raichle et al., 2001). Interestingly, these same patterns of 
interaction among the three core neurocognitive networks are also observable in resting 
state fMRI data (Menon, 2011; Sridharan et al., 2008). Previous fMRI work demonstrates 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2 This chapter has been published as: Putcha, D., Ross, R.S., Cronin-Golomb, A., Janes*, 
A.C., Stern*, C.E. (2015) Altered intrinsic functional coupling between core 
neurocognitive networks in Parkinson’s disease. Neuroimage:Clinical 7, 449-455. 	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that resting brain organization is highly related to how the brain functions during external 
tasks (Fox et al., 2005; van den Heuvel, Mandl, Kahn, & Hulshoff Pol, 2009), suggesting 
that studying resting brain connectivity patterns will provide useful insight into 
neurobiology of disordered populations (Fox & Greicius, 2010; Raichle & Mintun, 2006; 
Shulman, Rothman, Behar, & Hyder, 2004) including those with Parkinson’s disease 
(PD).  
 In addition to the fact that interactions between these three core cognitive 
networks are disrupted across neuropsychiatric disorders, striatal dysfunction associated 
with PD (Ravina et al., 2012) may influence these network interactions. Through 
reciprocal connections, striatal neurons are thought to coordinate activity in many cortical 
regions (Macdonald & Monchi, 2011), emphasizing the idea that PD pathology impacts 
widespread cortical regions as well as the basal ganglia. A recent resting state study in 
young adults found that the striatum interacts with regions comprising the DMN and SN 
(Di & Biswal, 2014). The striatum also is functionally and structurally connected with 
cortical areas that comprise the CEN through reciprocal circuitry with the dorsolateral 
prefrontal cortex and posterior parietal cortex (Alexander & Crutcher, 1990; Kish et al., 
1988; Leh et al., 2008), which display abnormal activations in PD during cognitively 
demanding tasks (Carbon et al., 2010; Eidelberg, 2009; Lewis, Dove, et al., 2003; 
Schendan et al., 2013; Tinaz et al., 2008). Decreased functional connectivity within the 
DMN has been observed in PD during the resting state (Tessitore et al., 2012) and during 
cognitively demanding tasks (van Eimeren et al., 2009), suggesting that disease-related 
network disruptions may influence the functional coupling between DMN-CEN 
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interactions leading to heightened activation and dysfunctional connectivity of the DMN 
in PD. However, it remains to be elucidated if PD is associated with specific disruptions 
in functional coupling between the SN, CEN, and DMN. 
Structurally, striatal neurons are highly interconnected with neurons in the insular 
cortex (Chikama et al., 1997; Fudge et al., 2005), an important node of the SN. Further, 
dopamine depletion is thought to occur in parallel in the striatum and the insula 
(Christopher, Marras, et al., 2014; Monchi et al., 2006; Shine et al., 2013).  It has been 
hypothesized that the loss of D2 signaling in the insula disrupts the modulation of SN 
activity, impairing its function in coordinating interactions between other brain networks 
(Menon & Uddin, 2010). Altered cortico-striatal-thalamocortical neurocircuitry resulting 
from dysfunctional striatal dopaminergic function, as is observed in PD, is thought to 
lead to aberrant assignment of salience (Kish et al., 1988; Monchi et al., 2006; Shine et 
al., 2013), further emphasizing the association between the striatum and salience network 
in PD. As striatal dysfunction is characteristic of PD and worsens with disease severity, 
functional coupling between the striatum and the SN is also likely to be disrupted as a 
function of disease progression. 
  In the present study, we used resting state functional magnetic resonance imaging 
(rs-fMRI) to identify SN-DMN, SN-CEN and CEN-DMN interactions in a group of non-
demented individuals with PD and age-matched healthy participants (MC). As disease 
severity in PD is correlated with increased striatal disruption (Lozza, Marie, & Baron, 
2002; Ravina et al., 2012), we also sought to determine whether disease severity was 
related to functional coupling between the striatum and the SN. We hypothesized that 
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MC participants would demonstrate negative DMN coupling with SN and CEN, and 
positive SN coupling with CEN, consistent with the observed patterns in young 
neurologically normal adults (Fox et al., 2005; Sridharan et al., 2008). In contrast, we 
expected dysfunctional SN coupling with the DMN and CEN in PD participants 
compared to MC. We also predicted that within the group of PD individuals, increased 
disease severity would be related to reduced SN-striatum functional coupling.  
 
3.2 METHODS 
3.2.1 PARTICIPANTS 
Twenty-six individuals diagnosed with PD and 24 healthy MC adults were 
enrolled. Two individuals with PD and 4 MC participants were excluded on the basis of 
excess motion (greater than 2mm displacement) in the magnetic resonance imaging 
(MRI) scanner, resulting in a total of 24 PD (12 female, mean age 62.5 years, 2 left-
handed) and 20 MC (11 female, mean age 65.9 years, 2 left-handed) participants (Table 
2). All participants provided informed consent in a manner approved by the institutional 
review boards of Boston University and Partners Human Research Committee. All 
participants were screened for other neurological and psychiatric illness via self-report 
questionnaires and physician record confirmation.  
Participants diagnosed with idiopathic PD were recruited from the Parkinson's 
Disease Center at Boston Medical Center. All participants taking anti-parkinsonian 
medications were scanned at peak “ON” levels of medication, approximately 60-90 
minutes after the optimized daily dose was taken. All of the participants with PD were on 
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a combination of levodopa-carbidopa, dopamine receptor agonists, or monoamine 
oxidase B inhibitors. Three were also on antidepressant medication, and two of those 
three were also taking anti-anxiety medication as needed. All participants completed self-
report mood inventories including the Beck Depression Inventory (BDI-II) and the Beck 
Anxiety Inventory (BAI); control participants reported minimal symptoms of anxiety and 
depression while PD participants reported very mild levels of anxiety and depression 
(Table 2). While there are statistical differences between PD and MC groups on anxiety 
and depression scores, all participants were well below clinically significant levels of 
anxiety and depression disorder. No participant reported major mood or behavioral 
disturbance. Levodopa Equivalent Dosage (LED) was calculated as per recent convention 
(Tomlinson et al., 2010) to be 368.9 mg/day on average in the PD group.  All PD 
participants met the clinical criteria for mild to moderate disease staging (Hoehn and 
Yahr stages I-III) as assessed by the Unified Parkinson’s Disease Rating Scale 
(UPDRS)(MDS, 2003). The median Hoehn and Yahr staging was 2, ranging from 1 
(unilateral) to 3 (moderate bilateral). Out of 24 participants with Parkinson’s disease, 3 
patients were classified as Hoehn and Yahr stage 1, 4 participants as stage 1.5, 12 
participants as stage 2, 3 participants as stage 2.5, and 2 participants as stage 3. Twelve 
participants identified tremor as being their initial symptom, 7 participants identified 
rigidity, and 5 participants identified difficulty with gait or balance. Average total score 
on the UPDRS was 27.1 and average motor subscore was 16.1 (Table 2). Average disease 
duration of the PD group overall was 5.6 years. The average disease duration of PD 
individuals whose initial symptom was tremor was 5.9 years and for those whose initial 
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symptom was akinetic/rigid was 5.3 years, which was not significantly different (p>0.5). 
Of the 24 PD participants, 13 were classified as right-onset (RPD) and 11 were classified 
as left-onset (LPD). Average disease duration of LPD participants was 4.5 years, and 
average disease duration of RPD participants was 6.5 years, which was not statistically 
different (p>0.2).  
All participants were screened for contraindications to MRI. At study entry, the 
modified Mini-Mental State Examination (MMSE) was administered to screen for mental 
status. These scores were converted to standard MMSE scores on a scale of 30; all 
participants were classified as non-demented, averaging 28 points out of 30 (Table 2). 
Although the MMSE score by itself is not sufficient to rule out any cognitive impairment, 
the objective of this cognitive screen was to ensure that all participants were above the 
generally accepted criteria for dementia, which is below 24 points out of 30 (Dick et al., 
1984). All participants received detailed health history screening and a neuro-
ophthalmological examination to ensure eye integrity and rule out ocular disease or 
abnormality. A normal anatomical brain without any evidence of gross abnormalities (i.e. 
infarct, tumor) was necessary for study inclusion. Other exclusionary criteria included 
coexisting, chronic medical illnesses, use of psychoactive medication besides 
antidepressants and anxiolytics in the MC group (allowed in PD), history of intracranial 
surgery or head trauma resulting in a loss of consciousness, and history of drug and 
alcohol abuse. 
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3.2.2 NEUROIMAGING PROCEDURE 
Each scanning session included twenty minutes of structural imaging sequences 
followed by resting state data acquisition lasting six minutes and thirty-five seconds, 
during which the participants were asked to remain still and maintain eyes-open fixation 
on a projected image of a white cross on a black background. All scanning was 
performed using a 12-channel head coil in a Siemens Trio 3T scanner (Siemens Medical 
Systems, Erlangen, Germany) at the Athinoula A. Martinos Center for Biomedical 
Imaging at Massachusetts General Hospital.  T1-weighted Magnetization Prepared- Rapid 
Acquisition Gradient Echo (MP-RAGE) structural scans were acquired using generalized 
auto-calibrating partially parallel acquisition (GRAPPA): repetition time = 2530 msec, 
echo time = 3.44 msec, inversion time = 1100 msec, flip angle = 7 degrees, field of view 
= 256mm, slice thickness= 1 mm, 176 sagittal slices (right to left). The functional blood 
oxygen level dependent (BOLD) resting state fMRI data were acquired using a T2*-
weighted gradient-echo echo-planar imaging (EPI) sequence: TR = 5000ms, TE= 30ms, 
FA= 90 degrees, FOV = 256mm, in-plane resolution 4 x 4 mm2. Fifty-five axial (anterior 
to posterior) slices with a thickness of 2mm were acquired, oriented parallel to the 
anterior-posterior commissural line. 76 whole-brain acquisitions were collected, and the 
first 5 acquisitions were subsequently discarded during image processing as “dummy” 
TRs for T1 stabilization, resulting in 71 acquisitions being analyzed.  	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3.2.3 IMAGE PROCESSING 
Data pre-processing included: motion correction with MCFLIRT (Jenkinson, 
Bannister, Brady, & Smith, 2002), brain extraction using BET (S. M. Smith, 2002), 
spatial smoothing with a Gaussian kernel of full-width half-maximum 6mm, and high-
pass temporal filter with Gaussian-weighted least-squares straight-line fitting with σ = 
100s. Registration of the functional EPI volumes to each individual subject’s high-
resolution MPRAGE image and registration of MPRAGE to the MNI 152 2mm3 standard 
space template (Montreal Neurological Institute, Montreal, QC, Canada) were both 
accomplished using FLIRT. Four-dimensional timeseries data for all participants were 
transformed into standard space at 2 mm isotropic resolution using the registration 
transformation matrices.   
3.2.4 ICA-BASED DENOISING 
After ensuring no group differences in motion during scanning (p>0.7, MC 
absolute mean displacement was 0.33 mm ± 0.19 mm; PD absolute mean displacement 
was 0.35 mm ± 0.19 mm), we conducted an ICA-based denoising approach to remove 
independent components within each individual subject’s data that represented noise, 
including motion and scanner artifact. Independent components analysis (ICA) at the 
single subject level was conducted using the FSL program MELODIC (Jenkinson, 
Beckmann, Behrens, Woolrich, & Smith, 2012; McKeown, Hansen, & Sejnowsk, 2003). 
For every participant, all components were visually inspected (Kelly et al., 2010), and all 
identified sources of noise were removed using FSL’s fsl_regfilt utility.  
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3.2.5 INTER-NETWORK FUNCTIONAL COUPLING 
The default mode (DMN), central executive (CEN), and salience networks (SN) 
were defined using a previously published set of templates from the BrainMap Database 
(Fox et al., 2005; Laird et al., 2011; Laird, Lancaster, & Fox, 2005) (Figure 4). FSL’s 
dual regression approach was used to calculate the subject specific orthogonal 
timecourses and spatial maps for each network of interest (Beckmann et al., 2009, Cole et 
al., 2010, Filippini et al., 2009, Janes et al., 2012; 2014).  Subject-specific timecourses 
were extracted from the SN, DMN, R- and L-CEN. The CEN in this study was defined as 
right- and left- hemisphere localized networks, as it was in the BrainMap database 
template (Figure 4). Correlation coefficients (Pearson’s r) were computed between the 
SN and DMN, the SN and CEN (both right and left hemisphere), and between the CEN 
(both right and left hemisphere) and DMN. Pearson’s r coefficients were computed for 
each individual in first level analysis, and later used for second-level group comparison 
analysis. Though some of these networks include overlapping brain regions (i.e. posterior 
parietal lobe), this dual regression approach identifies orthogonal timecourses that are 
used in subsequent analysis. Independent samples t-tests were conducted to compare MC 
and PD participants on coupling values between the SN and DMN, the SN and CEN, and 
between the DMN and CEN. To investigate if PD disease duration or dopamine 
replacement medication were related to these inter-network functional coupling 
measures, correlation coefficients (Pearson’s r) were computed between disease duration 
(number of years), levodopa equivalent dosage, and the functional coupling values 
described above. 
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3.2.6 STRIATAL-SALIENCE NETWORK INTERACTIONS 
FreeSurfer automated structural parcellations were used to define each 
individual’s entire putamen and caudate volume labels, which were combined to create a 
“striatum” region of interest (ROI) specific to each individual. It should be noted that 
while the ventral components of the caudate and putamen were included in our striatal 
ROI, the nucleus accumbens was not. Thus, our striatal ROI focuses on the dorsal 
striatum. Timecourses from each participant’s striatal ROI were extracted and correlated 
with the salience network timecourse. To determine the relationship between striatal 
coupling with the salience network and PD symptom severity, we correlated this coupling 
measure with the UPDRS Total Score. 
3.2.7 VOLUMETRIC ANALYSIS 
To ensure that volumetric differences between MC and PD participants were not 
impacting our results, the following analyses were conducted. MP-RAGE images were 
processed using FreeSurfer (version 5.3.0) (http://surfer.nmr.mgh.harvard.edu). Standard 
preprocessing of structural volumes produced reconstructions that were used to determine 
if there were any areas of cortical thinning or subcortical atrophy in the PD group 
compared to MC using the QDEC utility. We also compared striatal volume between MC 
and PD groups to determine if there were any volumetric differences in the seed region. 	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3.3 RESULTS 
3.3.1 NO GROUP DIFFERENCES IN DEMOGRAPHICS, MENTAL STATUS, OR 
BRAIN STRUCTURE 
MC and PD participants were matched on age (p>0.2), education (p>0.1), male-
to-female ratio (Χ2 =0.11, p > 0.7), and MMSE scores (p>0.5, range 25.7 to 29.7). There 
were no between-group differences in whole brain cortical thinning or subcortical 
atrophy (p>0.05, Bonferroni corrected), and no group differences in striatal volume after 
controlling for intracranial volume (p>0.4). 
  
3.3.2 INTER-NETWORK FUNCTIONAL COUPLING DISRUPTED IN PD 
We observed significant group differences in functional coupling between the SN 
and R-CEN (t=2.4, p=0.02, Figure 5a), and between the DMN and R-CEN (t=-2.1, 
p=0.04, Figure 5b). Specifically, SN coupling with R-CEN was significantly more 
positive in MC compared to PD. In examining inter-network coupling of DMN with R-
CEN, MC demonstrated negative coupling whereas PD demonstrated positive coupling 
between these networks. We did not observe differences in functional coupling between 
the L-CEN and either the DMN (t= 0.35, p=0.73) or SN (t=-1.05, p=0.31). We observed 
no significant associations between Levodopa Equivalent Dosage (LED) and these 
measures of functional coupling (all p>0.46), suggesting that dopamine replacement 
therapy is not likely to be the explanation of our findings of disrupted inter-network 
coupling in PD. 
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3.3.3 SN-STRIATAL COUPLING DECREASED IN RELATION TO DISEASE SEVERITY 
Striatal coupling with the salience network was related to disease severity as 
measured by the UPDRS total score (r= -0.45, p=0.03) such that more severe disease was 
associated with diminished functional coupling between the SN and striatum (Figure 6). 
For many of these individuals, more severe disease was associated with reduced positive 
functional coupling between the striatum and SN, but those individuals with the most 
severe disease demonstrated anti-correlation in the functional coupling between the SN 
and striatum. A UPDRS motor sub-score, specifically focusing on severity of the cardinal 
motor symptoms of PD, was also associated with diminished SN-striatum functional 
coupling at the level of a trend (r=-0.40, p=0.06).  Interestingly, SN-striatum functional 
coupling was significantly related to functional coupling between the SN and CEN 
(hemisphere averaged) in the PD group (F=0.53, p=0.031) but not in the MC group 
(F=0.98, p=0.03). We observed no significant association between SN-striatum coupling 
and LED (r=-0.11, p=0.6), suggesting that dopamine replacement is not likely to be 
related to disrupted SN-striatum coupling. We did not observe statistical differences in 
the association between disease severity and SN-striatum coupling between LPD and 
RPD subtypes (p>0.2).   
 
3.4 DISCUSSION 
We identified disruptions in resting state functional connectivity between large-
scale core neurocognitive networks in PD. Specifically, individuals with PD showed 
connectivity patterns in opposition to what is reported in healthy individuals (Fox et al., 
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2005; Menon, 2011; Sridharan et al., 2008). We observed an aberrant positive coupling 
between the R-CEN and DMN in PD, compared to the expected anti-correlation we 
observed between these two networks in the healthy control group. We also found a 
reduction in coupling strength between the SN and R-CEN in PD compared to healthy 
matched adults. The triple network model (Menon, 2011) posits that positive SN-CEN 
interactions and negative CEN-DMN interactions at rest allow for successful recruitment 
of the CEN and suppression of the DMN during cognitively challenging task demands. 
This connectivity among the salience, central executive, and default mode neurocognitive 
networks is very important to promote efficient cognitive processing in a healthy 
individual and becomes dysfunctional across a number of brain disorders (Menon, 2011; 
Seeley et al., 2007). This study demonstrates disrupted intrinsic network interactions 
among these three neurocognitive networks in PD, providing evidence of disruptions to 
cortical organization and connectivity in this disease. 
 In the healthy brain, the SN and CEN are positively coupled, while the DMN and 
CEN are anti-correlated (Fox et al., 2005; Menon, 2011; Sridharan et al., 2008).  The 
inter-network interactions we observed in our healthy age-matched control population are 
consistent with these findings in young adults. By contrast, the PD group demonstrated 
an altered pattern of network interactions. Specifically, in PD we observed positive 
coupling between the R-CEN and DMN, compared to the anti-correlation seen in 
younger adults (Fox et al., 2005; Sridharan et al., 2008) and our healthy older control 
participants, possibly reflecting a failure to suppress DMN activity (van Eimeren et al., 
2009) or a failure of modulating top-down signals between the DMN and CEN, as has 
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been previously suggested (Anticevic et al., 2012). This pattern of dysfunctional DMN 
large-scale network connectivity is also present in other dopaminergic disorders, such as 
schizophrenia (Ongur et al., 2010), as well as in other neurodegenerative disorders 
including Alzheimer’s disease (Greicius, Srivastava, Reiss, & Menon, 2004; Supekar, 
Menon, Rubin, Musen, & Greicius, 2008).  
We also observed reduced functional coupling between the SN and R-CEN in PD 
compared to the control participants. The insula and dorsal anterior cingulate cortex, key 
nodes of the salience network (Seeley et al., 2007), are anatomically connected and 
functionally co-activated with the CEN (Menon & Uddin, 2010; Seeley et al., 2007). PD 
pathology proceeds from the striatum to widespread cortical regions, including the insular 
cortex and anterior cingulate cortex, soon after manifestation of motor symptomatology 
(Braak, Bohl, et al., 2006; Christopher, Marras, et al., 2014; Disbrow et al., 2014; Kish et 
al., 1988). Further, critical evaluation of the Braak staging scheme has suggested that 
synucleinopathy may be present even earlier in disease progression than the Braak 
staging scheme suggests (Burke et al., 2008). In the current project, a trend level 
association was found between the UPDRS motor score and striatal-SN functional 
coupling, suggesting that disruptions to these networks are relevant to specific motor 
symptom manifestations of PD. By Braak stage 5, these pathological changes appear to 
cause alterations of dopamine receptor function and synaptic activity in the insula, 
contributing to cognitive and autonomic symptoms in PD (Braak, Bohl, et al., 2006; 
Christopher, Koshimori, Lang, Criaud, & Strafella, 2014). These pathological changes in 
the insula likely impact the ability of the SN to effectively recruit and communicate with 
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other neocortical regions such as the dorsolateral prefrontal cortex and posterior parietal 
cortices that comprise the CEN (Christopher, Marras, et al., 2014; Sridharan et al., 2008). 
The changes we observed in SN-CEN network coupling may reflect increased PD-related 
pathological burden in the striatum and insula, as is supported by our finding of striatal-
SN coupling being significantly related to SN-CEN coupling in PD but not in MC. 
 Increased PD pathology and dopamine deficiency have been observed as 
occurring in parallel in the striatum and insula. Recent work has shown that PD patients 
diagnosed with mild cognitive impairment differed from cognitively normal PD by the 
presence of greater striatal dopamine depletion related to more D2 receptor loss in the 
insula (Christopher, Marras, et al., 2014). We observed a breakdown of intrinsic 
functional coupling between the SN and striatum related to increased disease severity. 
This observation suggests that PD-related striatal dysfunction may lead to functional 
disruptions in the communication between the striatum and the insula. We postulate that 
increased pathology in these regions and further breakdown in communication between 
them likely continues as PD progresses, contributing to the worsening of cognitive and 
autonomic symptoms observed in later stages of the disease. Understanding the 
association between breakdown in functional coupling between these core neurocognitive 
networks and cognitive performance will be an important focus of future study. 
 We observed disruptions specific to the right-hemisphere localized central 
executive network (R-CEN). One possible explanation could be that the L-CEN is 
localized entirely to the left hemisphere and is implicated strongly with language, verbal 
memory, and working memory (Laird et al., 2011). In contrast, the R-CEN reaches across 
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both hemispheres in the parietal lobe and is thought to be involved in more widespread 
cognitive functions including reasoning, attention, inhibition, and memory (Laird et al., 
2011). A recent study in healthy young adults of hemispheric localization within the CEN 
and coupling to other networks during the resting state suggests that the left-hemisphere 
localized CEN is strongly coupled with the DMN and language-related regions in the 
left-hemisphere, while the right-hemisphere localized CEN is preferentially coupled to 
the insula and regions of the brain specialized for attention processing (Wang et al., 
2014). This asymmetric specialization of the CEN at rest and stronger preference of 
DMN to be functionally coupled with L-CEN than R-CEN may set the stage for 
vulnerability in R-CEN coupling with the DMN in older adults and individuals with 
neurological disease. Further, preferential coupling between the R-CEN and insula 
(Wang et al., 2014) combined with previously described vulnerability of the insula and 
attention networks in PD (Christopher, Koshimori, et al., 2014) could further explain why 
we see aberrant functional coupling specific to the R-CEN but not L-CEN. We do not 
ascribe this difference in network coupling in the CEN to lateralization of symptoms, as 
there were no significant subgroup differences in functional coupling with the CEN 
between RPD and LPD participants. However, these findings of lateralization could also 
be incidental. Future work examining PD performance across a more extensive 
neuropsychological assessment battery and with a larger sample size is needed in order to 
confirm the lateralization of network level findings in the CEN.   
 There is some evidence from previously published literature that dopaminergic 
therapy diminishes DMN integrity (Krajcovicova, Mikl, Marecek, & Rektorova, 2012) 
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and is differentially linked to spatial remapping of cortico-striatal connectivity in 
chronically medicated and drug-naïve patients, such that drug-naïve patients 
demonstrated striatal hyperconnectivity with cortical regions and PD individuals ON 
medication demonstrated a general decrease in connectivity strength (Kwak et al., 2010).  
In the current study, PD participants were evaluated only on peak levels of dopaminergic 
medications, which limits our ability to address questions related to the effects of 
dopamine on neurocognitive network interactions. Although our approximation of 
levodopa equivalent dosage (LED) is not correlated significantly with SN-striatum 
coupling, we cannot with certainty rule out the possibility that dopamine medication is 
related in some way to the lower levels of functional coupling we observed between SN 
and striatum. Despite this limitation, it is worth noting that we did not detect any 
significant association between any of our functional coupling results and levodopa 
equivalent dosage (LED). Examining the network connectivity of PD individuals on 
medication has great utility because most patients experience cognitive dysfunction and 
disrupted activities in daily living even during peak medication states. Previous work has 
also shown that dopamine replacement therapy does not ameliorate cognitive 
disturbances in attentional set-shifting and other aspects of executive functioning (Lewis 
et al., 2005; Poletti & Bonuccelli, 2013), supported by the neurocognitive networks 
examined in our study.  
We provide evidence in this study of disruptions in the functional coupling among 
three core neurocognitive networks in participants with PD. Typically, the SN interacts 
causally with the CEN and the DMN in that increased SN activity correlates with 
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increased activity in the CEN and decreased activity in the DMN. This pattern of 
interactions is observed both during cognitive tasks and the resting state (Menon, 2011; 
Seeley et al., 2007; Sridharan et al., 2008), reflecting an intrinsic shifting of attention 
between external and internal processes. Functional activity in the SN and CEN typically 
increase during cognitive tasks in response to external stimuli (Dosenbach et al., 2006), 
whereas DMN activity is suppressed during externally-guided cognitive tasks (Greicius et 
al., 2003; Raichle et al., 2001), resulting in anti-correlations between the CEN and DMN.  
Our findings demonstrate aberrant positive CEN coupling with DMN and reduced SN 
coupling with CEN in PD.  Further, our results demonstrate that functional coupling 
between the striatum and the SN is diminished as disease severity increases. The 
observed changes in intrinsic functional coupling discussed in this study represent an 
overarching framework for understanding cortical disruption in PD, similar to the cortical 
disruption that takes place in the context of other neurodegenerative diseases (Menon, 
2011).  	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3.5 CHAPTER THREE TABLE AND FIGURES 
 	  
Table 2. Participant Characteristics for Study 2. Values presented in the table are 
means ± standard deviations, unless otherwise noted. * Indicates group differences at a 
significance level of p<0.05, ** p < 0.005. MMSE: Mini-Mental State Examination. 
UPDRS: Unified Parkinson’s Disease Rating Scale. BDI-II: Beck Depression Inventory, 
2nd Edition. BAI: Beck Anxiety Inventory. RPD: Right-side of body symptom at onset. 
LPD: Left-side of body symptom at onset. T-PD: Tremor at onset. AR-PD: Akinetic-
Rigid at onset. G-PD: Gait-instability at onset.  
 
 PD (N = 24) MC (N = 20) 
Age (years) 62.5 ± 6.4 65.9 ± 9.4 
Male/Female 12/12 9/11 
Education (years) 17.6 ± 2.2 16.6 ± 2.2 
MMSE (out of 30) 28.6 ± 0.9 28.8 ± 0.8 
BDI-II 5.8 ± 4.4* 2.3 ± 2.9 
BAI 5.3 ± 3.7 ** 1.5 ± 2.1 
UPDRS Total 27.1 ± 10.8 -- 
UPDRS Motor 16.1 ± 7.2 -- 
Levodopa Equivalent 
Dosage (mg/day) 368.9 ± 261.9 -- 
Hoehn and Yahr 
2 (median);  
1 (min) to 3 (max) -- 
RPD/LPD 13 / 11 -- 
T-PD/ AR-PD/ G-PD 12 / 7 / 5 -- 
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Figure 4. Three core neurocognitive networks include the default mode network (DMN), 
Salience Network (SN), and Central Executive Network separated by left – and right-
hemisphere localization (L-CEN and R-CEN). Images below are from a previously 
published set of templates from the BrainMap Database (Laird et al., 2005). 
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Figure 5. In MC compared to PD, we observed (a) more positive SN coupling with R-
CEN (t=2.4, df = 42, p=0.02), and (b) more negative DMN coupling with R-CEN (t=-2.1, 
df = 42, p=0.04).  
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Figure 6. Disease severity as measured by the Unified Parkinson’s Disease Rating Scale 
was correlated with functional coupling between the striatum and Salience Network (SN; 
r=-0.45, p=0.03), such that less positive coupling of these networks was associated with 
worse disease severity. Each point on the plot represents an individual with PD. 
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CHAPTER FOUR: DYSFUNCTIONAL INTERACTION BETWEEN 
NEUROCOGNITIVE NETWORK COUPLING AND COGNITION IN 
PARKINSON’S DISEASE 	  
4.1 INTRODUCTION 
Cognitive dysfunction is common in early stages of Parkinson’s disease (PD), 
affecting up to half of newly diagnosed individuals at disease onset (Janvin, Aarsland, 
Larsen, & Hugdahl, 2003; Muslimovic et al., 2005).  Individuals with PD are at risk of 
developing dementia as the disease progresses (Aarsland et al., 2003; Williams-Gray et 
al., 2009). The cognitive deficits in PD are heterogeneous, manifesting most reliably as 
executive dysfunction (Dirnberger & Jahanshahi, 2013; Foltynie et al., 2004; Leh et al., 
2010; Miller, Neargarder, Risi, & Cronin-Golomb, 2013), impaired learning and memory 
(Bronnick et al., 2011; Lewis, Cools, et al., 2003), and decreased psychomotor processing 
speed (Uc et al., 2005) in early stages of disease. The presence of cognitive dysfunction is 
correlated with functional impairment in activities of daily living and lower quality of life 
(Klepac et al., 2008), and earlier occurrence of cognitive impairment is associated with 
more rapid decline compared to later-onset cognitive dysfunction (Janvin et al., 2006; Uc 
et al., 2009). The pathophysiology of cognitive impairment in PD is complex, and is 
thought to involve cortical networks that are components of corticostriatal circuitry 
distinct from the circuitry subserving classic motor symptoms of PD (Bosboom et al., 
2004; Huang et al., 2007). The pathogenesis and progression of cognitive impairment in 
PD is still not clearly understood (Barone et al., 2011).  
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PD is typically characterized by the loss of dopaminergic neurons in nigrostriatal 
pathways and decreasing dopamine levels in the striatum (Kish et al., 1988). These local 
disruptions in dopamine function negatively impact the functioning of the striato-
thalamocortical loops, suggesting that distributed cortical networks are also affected by 
disease progression (Monchi et al., 2006; Moustafa et al., 2013). Large-scale network 
analysis exploring cognitive functions in healthy adults and brain-disordered individuals 
describes three core neurocognitive networks that are disrupted across many 
neuropsychiatric disorders (Menon, 2011): the salience network (SN), the default-mode 
network (DMN), and the central executive network (CEN) (Greicius et al., 2003; Menon 
& Uddin, 2010; Seeley et al., 2007). Typically, in healthy individuals, the SN and CEN 
increase in activation during cognitive tasks requiring attention to external stimuli 
(Dosenbach et al., 2006), whereas DMN activity is suppressed (Greicius et al., 2003; 
Raichle et al., 2001). The SN is thought to be responsible for detecting and filtering 
information necessary to maintain goal-directed behavior by shifting attention between 
external and internal processes (Menon, 2011; Seeley et al., 2007). Mechanistically, this 
shift may be due to SN-mediated switches between CEN and DMN during cognitive 
tasks and the resting state (Menon, 2011; Seeley et al., 2007; Sridharan et al., 2008). 
Striatal dysfunction and concomitantly altered corticostriatal neurocircuitry are 
hallmark features of PD (Ravina et al., 2012). Striatal neurons are highly interconnected 
with neurons in the insular cortex (Chikama et al., 1997; Fudge et al., 2005), an important 
node of the salience network (SN). It has been hypothesized that dopamine depletion in 
the striatum and the parallel loss of D2 signaling in the insula (Christopher, Marras, et al., 
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2014) could disrupt SN activity, impairing its function in switching between other brain 
networks (Menon & Uddin, 2010). Our previous work has shown that functional coupling 
between the striatum and SN decreases as disease severity increases (Putcha, Ross, 
Cronin-Golomb, Janes, & Stern, 2015), further emphasizing that the association between 
the striatum and salience network becomes dysfunctional as PD progresses.  
Although interactions among all three core neurocognitive networks are relevant 
for efficient cognition, functional coupling between the SN and the DMN in particular is 
critically important for performing tasks requiring cognitive control of switching 
attention between externally and internally salient stimuli (Fransson & Marrelec, 2008; 
Menon & Uddin, 2010; Sridharan et al., 2008). In response to salient external events 
requiring a high level of cognitive effort, the SN is activated (Seeley et al., 2007) and the 
DMN is suppressed (Buckner et al., 2008), whereas during internally focused attention, 
such as self-monitoring or memory retrieval, the DMN is activated (Spreng et al., 2009). 
This pattern results in anti-correlated activity between the SN and DMN during episodes 
of successful cognitive effort. Several studies have demonstrated that the SN has a causal 
influence on activity within the DMN across a range of cognitive tasks (Chiong et al., 
2013; Jilka et al., 2014; Sridharan et al., 2008). Trauma-related damage to white matter 
tracts connecting the anterior insula and dorsal anterior cingulate cortex, two key nodes 
of the SN, has been shown to predict a failure of DMN suppression during externally-
salient cognitive tasks (Bonnelle et al., 2012). Further, increased structural damage of the 
white matter tracts connecting the nodes of the SN was found to be correlated with 
decreased functional coupling between the SN and DMN (Jilka et al., 2014), suggesting 
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that SN dysfunction may impact the modulation of DMN activity. It is possible that SN 
dysfunction due to PD-related striatal disruptions also impacts the interaction between the 
SN and DMN and gives rise to cognitive impairment. 
In addition to striatal connections to the SN and DMN, the striatum is also 
connected with cortical areas that comprise the CEN through reciprocal circuitry with the 
dorsolateral prefrontal cortex and posterior parietal cortex (Leh et al., 2008; Middleton & 
Strick, 2000a; Postuma & Dagher, 2006), which display abnormal activations in PD 
during cognitively demanding tasks (Carbon et al., 2010; Eidelberg, 2009; Lewis, Dove, 
et al., 2003; Schendan et al., 2013; Tinaz, Lauro, Hallett, & Horovitz, 2015; Tinaz et al., 
2008). Our previous work has demonstrated diminished functional coupling between the 
SN and CEN as well as aberrant positive functional coupling between the CEN and DMN 
in individuals with PD compared to age-matched control participants (Putcha et al., 
2015).  
  Here, we investigate the association between cognitive performance and 
functional coupling across these three neurocognitive networks in individuals with PD 
compared to age- and educated-matched healthy participants (MC). We hypothesized that 
better cognitive performance in MC compared to PD participants would be associated 
with anti-correlated functional coupling between the SN and DMN, and positive 
functional coupling between the SN and CEN, consistent with the patterns observed in 
young neurologically normal adults (Fox et al., 2005; Sridharan et al., 2008). Identifying 
associations between cognitive changes in PD and functional communication between the 
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neurocognitive networks would further our understanding of the neural mechanisms of 
cognitive impairment early in the disease course and prior to the onset of dementia.  	  
4.2 METHODS 
4.2.1 PARTICIPANTS 
The cohort studied here are the same individuals reported in Study 2. Twenty-six 
individuals diagnosed with PD and 24 healthy MC adults were enrolled. Two individuals 
with PD and 4 MC participants were excluded on the basis of excess motion (greater than 
2mm displacement) in the magnetic resonance imaging (MRI) scanner, resulting in a total 
of 24 PD (12 female, mean age 62.5 years, 2 left-handed) and 20 MC (11 female, mean 
age 65.9 years, 2 left-handed) participants (Table 3). All participants provided informed 
consent in a manner approved by the Institutional Review Board of Boston University 
and the Partners Human Research Committee. All participants were screened for other 
neurological and psychiatric illness.  
Participants diagnosed with idiopathic PD were recruited from the Parkinson's 
Disease Center at Boston Medical Center. All participants taking anti-parkinsonian 
medications were scanned at peak “ON” levels of medication, approximately 60-90 
minutes after the optimized daily dose was taken. All were on a combination of 
levodopa-carbidopa, dopamine receptor agonists, or monoamine oxidase B inhibitors. 
Three were also on antidepressant medication, and two of those three were also taking 
anti-anxiety medication as needed. Levodopa Equivalent Dosage (LED) was calculated 
as per convention (Tomlinson et al., 2010) to be 368.9 mg/day on average.  All PD 
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participants met the clinical criteria for mild to moderate disease stage (Hoehn and Yahr 
stages I-III) as assessed by the Unified Parkinson’s Disease Rating Scale (UPDRS)(Goetz 
et al., 2008). The median Hoehn and Yahr staging was 2, ranging from 1 (unilateral) to 3 
(moderate bilateral). Average total score on the UPDRS was 27.1 and average motor 
subscore was 16.1 (Table 3). 
All PD and MC participants were screened for contraindications to MRI. At study 
entry, the modified Mini-Mental State Examination (MMSE) (Folstein, Folstein, & 
McHugh, 1975) was administered to screen for mental status and rule out dementia. 
These scores were converted to standard MMSE scores on a scale of 30. No participant 
met criteria for dementia; all participants scored at or higher than 25. All participants 
received detailed health history screening. Exclusion criteria included coexisting, chronic 
medical illnesses, use of psychoactive medication besides antidepressants and anxiolytics 
in the PD group, a history of intracranial surgery or head trauma resulting in a loss of 
consciousness, and history of drug and alcohol abuse. Anxiolytic and antidepressant 
medications were allowed in the PD group because anxiety and depression are highly 
comorbid with this disease, affecting up to 40% of patients (Cummings & Masterman, 
1999). While the PD individuals in this study reported significantly higher levels of 
anxiety and depression than MC participants, the symptom severities reported by the PD 
participants were well below the level of clinical significance.  
 
4.2.2 NEUROPSYCHOLOGICAL ASSESSMENT 	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An abbreviated three-domain neuropsychological assessment consisting of one 
test per domain (executive function, psychomotor speed/fine motor dexterity, and verbal 
memory) was used to assess cognitive abilities. Each of these cognitive tasks required the 
individual to focus on external demands and suppress internal self-referential thoughts, 
thereby exhibiting cognitive control of attentional resources. In order to compare 
performance across domains, performance scores from each test were converted to z-
scores, normalized on the basis of the mean and standard deviation of all participants 
together (MC and PD). Independent samples t-tests were conducted on these z-scores to 
determine group differences on cognitive test performance. Effect sizes were also 
calculated and reported based on established methods (Lakens, 2013). To investigate the 
association between cognitive performance and the functional coupling of neurocognitive 
networks, Pearson’s r values were calculated between each neurocognitive test z-score 
and extent of functional coupling between the networks of interest (SN-DMN, SN-CEN, 
DMN-CEN). Bonferroni correction was applied to address the multiple correlations 
across three cognitive tests, so p-values less than 0.016 are considered significant (0.05 
divided by 3).  
Executive functioning (set-shifting) was assessed with the Trail Making Test, 
consisting of two subtests, Parts A and B (Tombaugh, 2004).  Trails A is a test of simple 
attention and psychomotor speed, in which participants connect numbered circles in 
ascending order (1-2-3, etc.). Trails B is a measure of combined visual search, 
psychomotor speed, cognitive flexibility, and the ability to shift and maintain response 
set. Participants sequentially alternate between alphanumeric sequences (1-A-2-B, etc.). 
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Time to completion on Trails B was used as our primary measure of executive function 
as it represents a holistic measure of both lower-order executive function (sustained 
attention) and higher-order set-switching abilities. As a secondary step to isolate only the 
set-switching ability, the time to complete Trials A was subtracted from the time to 
complete Trails B (“Trails B minus A”) in order to isolate only the higher-order set-
switching executive function. Examining both “Trails B” and “Trails B minus A” 
measures is important in order to quantify both lower and higher order executive 
functions together, as well as only higher-order set-shifting abilities alone. 
Psychomotor speed/fine motor dexterity was assessed with the Purdue Pegboard 
Test (Tiffin & Asher, 1948). This test evaluates complex, visually guided coordinated 
movements in a timed fashion. The performance score indicates the average number of 
pegs successfully placed within a 30 second trial period. The left and right hands were 
evaluated in separate trials, and their scores were then averaged to create a composite 
across hands of psychomotor speed (“Purdue Pegs”). 
Verbal memory was assessed with the Rey Auditory Verbal Learning Test – 30 
minute Delay Recall condition (“RAVLT Recall”) (Rey, 1964). Participants recalled as 
many words as possible from a previously learned list after a 30-minute delay. 	  
4.2.3 NEUROIMAGING PROCEDURE 
Each scanning session included twenty minutes of structural imaging sequences 
followed by resting state data acquisition lasting six minutes and thirty-five seconds, 
during which the participants were asked to remain still and maintain eyes-open fixation 
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on a projected image of a white cross on a black background. All scanning was 
performed using a 12-channel head coil in a Siemens Trio 3T scanner (Siemens Medical 
Systems, Erlangen, Germany) at the Athinoula A. Martinos Center for Biomedical 
Imaging at Massachusetts General Hospital.  T1-weighted Magnetization Prepared- Rapid 
Acquisition Gradient Echo (MP-RAGE) structural scans were acquired using generalized 
auto-calibrating partially parallel acquisition (GRAPPA): repetition time = 2530 msec, 
echo time = 3.44 msec, inversion time = 1100 msec, flip angle = 7 degrees, field of view 
= 256mm, slice thickness= 1 mm, 176 sagittal slices (right to left). The functional blood 
oxygen level dependent (BOLD) resting state fMRI data were acquired using a T2*-
weighted gradient-echo echo-planar imaging (EPI) sequence: TR = 5000ms, TE= 30ms, 
FA= 90 degrees, FOV = 256mm, in-plane resolution 4 x 4 mm2. Fifty-five axial (anterior 
to posterior) slices with a thickness of 2mm were acquired, oriented parallel to the 
anterior-posterior commissural line. 76 whole-brain acquisitions were collected, and the 
first 5 acquisitions were subsequently discarded during image processing as “dummy” 
TRs for T1 stabilization, resulting in 71 acquisitions being analyzed.  	  
4.2.4 IMAGE PROCESSING 
Data pre-processing included: motion correction with MCFLIRT (Jenkinson et 
al., 2002), brain extraction using BET (S. M. Smith, 2002), spatial smoothing with a 
Gaussian kernel of full-width half-maximum 6mm, and high-pass temporal filter with 
Gaussian-weighted least-squares straight-line fitting with σ = 100s. Registration of the 
functional EPI volumes to each individual subject’s high-resolution MPRAGE image and 
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registration of MPRAGE to the MNI 152 2mm3 standard space template (Montreal 
Neurological Institute, Montreal, QC, Canada) were both accomplished using FLIRT. 
Four-dimensional timeseries data for all participants were transformed into standard 
space at 2mm isotropic resolution using the registration transformation matrices.   
4.2.5 ICA-BASED DENOISING 
After ensuring no group differences in motion during scanning (p>0.7, MC 
absolute mean displacement was 0.33 mm ± 0.19 mm; PD absolute mean displacement 
was 0.35 mm ± 0.19 mm), we conducted an ICA-based denoising approach to remove 
independent components within each individual subject’s data that represented noise, 
including motion and scanner artifact. Independent components analysis (ICA) at the 
single subject level was conducted using the FSL program MELODIC (Jenkinson et al., 
2012; McKeown et al., 2003). For every participant, all components were visually 
inspected (Kelly et al., 2010), and all identified sources of noise were removed using 
FSL’s fsl_regfilt utility.  	  
4.2.6 INTER-NETWORK FUNCTIONAL COUPLING 
 The default mode (DMN), central executive (CEN), and salience networks (SN) 
were defined using a previously published set of templates from the BrainMap Database 
(Fox et al., 2005; Laird et al., 2011; Laird et al., 2005). FSL’s dual regression approach 
was used to calculate the subject specific timecourses and spatial maps for each network 
of interest (Beckmann et al., 2009, Cole et al., 2010, Filippini et al., 2009, Janes et al., 
2012; 2014).  Subject-specific timecourses were extracted from the SN, DMN, R- and L-
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CEN. The CEN in this study was defined as right- and left- hemisphere localized 
networks, as it was in the BrainMap database template. Correlation coefficients 
(Pearson’s r) were computed between the SN and DMN, the SN and CEN (both right and 
left hemisphere), and between the CEN (both right and left hemisphere) and DMN to 
determine the extent of inter-network functional coupling. To investigate if PD disease 
duration or dopamine replacement medication were related to these inter-network 
functional coupling measures, correlation coefficients (Pearson’s r) were computed 
between disease duration (number of years), levodopa equivalent dosage, and the 
functional coupling values described above. 
 
4.2.7 VOLUMETRIC ANALYSIS 
To ensure that volumetric differences between MC and PD participants were not 
impacting our results, the following analyses were conducted. MP-RAGE images were 
processed using FreeSurfer (version 5.3.0) (http://surfer.nmr.mgh.harvard.edu). Standard 
preprocessing of structural volumes produced reconstructions that were used to determine 
if there were any areas of cortical thinning or subcortical atrophy in the PD group 
compared to MC using the QDEC utility. We also compared striatal volume between MC 
and PD groups to determine if there were any volumetric differences. 	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4.3 RESULTS 
4.3.1 NO GROUP DIFFERENCES IN DEMOGRAPHICS, MENTAL STATUS, OR 
BRAIN STRUCTURE 
As previously reported in this participant sample from Study 2, MC and PD 
participants were matched on age (p>0.2), education (p>0.1), male-to-female ratio (Χ2 
=0.11, p > 0.7), and MMSE scores (p>0.5, range 25.7 to 29.7). There were no between-
group differences in whole brain cortical thinning or subcortical atrophy (p>0.05, 
Bonferroni corrected), and no group differences in striatal volume after controlling for 
intracranial volume (p>0.4). 	  
4.3.2 EXECUTIVE FUNCTIONING 
Executive functioning, in particular, set-shifting ability, was assessed using the 
Trail Making Test consisting of two subtests (Parts A and B). We found that individuals 
with PD were impaired in set-shifting ability compared to MC individuals on Trails B 
(t=3.14, p=0.003, 95% CI [-9.7, -0.32], Hedges’s gs = 0.95; Figure 7) and Trails B minus 
A (t=2.5, p=0.016, 95% CI [-8.67, -0.16], Hedges’s gs = 0.76). Note that higher numbers 
on Trails indicate longer time to completion (worse performance). When examining all 
participants together (MC and PD), we found a trend level association between Trails B 
performance and the extent of SN-DMN functional coupling (r=0.29, p=0.06). When 
examining only the MC participants, we found that performance on this task was 
significantly related to the extent of functional coupling between the SN and DMN 
(Trails B; r=0.54, p=0.016; Figure 8A). To isolate speeded set-shifting from simple 
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attention, we also investigated the association between SN-DMN functional coupling and 
the Trails B minus A score and found a significant correlation (Trails B minus A; r=0.61, 
p=0.006), suggesting that SN-DMN functional coupling is related to the set-
shifting/executive component of this task and not merely to the simple attention 
component (Trails A; r=0.39, p=0.08) in MC participants.  We found no other significant 
associations between set-shifting performance and functional coupling in MC (p>0.22). 
When examining the PD group separately, we did not observe this association with SN-
DMN functional coupling and Trails B (r=0.20, p=0.37; Figure 8A) or Trails B minus A 
(r=0.06, p=0.7). We did not observe any significant association between set-shifting 
ability in PD and functional coupling between any of the other neurocognitive networks 
(SN-CEN, p> 0.17; CEN-DMN, p> 0.2).  
 
4.3.3 PSYCHOMOTOR PROCESSING SPEED 
Psychomotor speed/fine motor dexterity was assessed with the Purdue Pegboard 
Test. We found that PD participants were impaired on this task compared to MC 
participants (t=5.32, p<0.001, 95% CI [-7.53 1.75], Hedges’s gs = 1.60; Figure 7). When 
examining the associations between psychomotor speed and functional coupling of 
neurocognitive networks for all participants together, we did not find any significant 
association between extent of functional coupling and psychomotor speed performance 
(p>0.2). When examining this association in the MC group alone, we found that the 
performance on Purdue Pegs was related significantly to functional coupling between the 
SN and DMN (r=-0.66, p=0.001; Figure 8B). Again, anti-correlated coupling between 
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SN-DMN was related to better performance on this cognitive measure. We found no 
other associations between psychomotor speed and functional network coupling in the 
MC group (p>0.54). When examining the PD group separately, we did not observe this 
association between psychomotor processing speed and SN-DMN functional coupling 
(r=0. 28, p=0.22; Figure 8B). We also did not observe any significant association 
between psychomotor processing speed in PD and functional coupling between any of the 
other neurocognitive networks (SN-CEN, p> 0.6; CEN-DMN, p> 0.1). 
4.3.4 VERBAL MEMORY RETRIEVAL 
 Verbal memory retrieval was assessed using the Rey Auditory Verbal Learning 
Test – 30 minute Delay Recall condition. The PD group showed poorer performance than 
the MC group (t=2.21, p=0.04, 95% CI [-7.97 1.21], Hedges’s gs = 0.62; Figure 7). We 
examined the associations between verbal memory delayed recall and extent of functional 
coupling between the neurocognitive networks in all participants together and did not 
find any significant associations (p> 0.12).  When examining the MC group separately, it 
was found that performance on RAVLT recall was significantly correlated with 
functional coupling between the SN and DMN (r=-0.54, p=0.015; Figure 8C), such that 
anti-correlated coupling between SN-DMN was related to better delayed recall 
performance. We found no other significant associations between RAVLT delayed recall 
and other measures of functional coupling in the MC group (p>0.22). When examining 
the PD group separately, we did not observe this association between RAVLT delayed 
recall and SN-DMN functional coupling (r=0.02, p=0.9; Figure 8C). We also did not 
observe any significant association between RAVLT delayed recall in PD and functional 
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coupling between any of the other neurocognitive networks (SN-CEN, p> 0.5; CEN-
DMN, p> 0.2). 
 
4.3.4 ASSOCIATIONS WITH DISEASE DURATION AND LEVODOPA EQUIVALENT 
DOSAGE  	  
No measures of functional coupling were related to either disease duration or 
levodopa equivalent dosage (LED). No cognitive measures were related to LED. 
Psychomotor speed (Purdue Pegboard) was the only cognitive measure score related to 
disease duration (r=-0.45, p=0.04), such that longer disease duration was related to worse 
performance.  	  
4.3.5 INTER-NETWORK FUNCTIONAL COUPLING 
As previously reported in this participant sample in Study 2, inter-network 
functional coupling was significantly different between groups, such that SN coupling 
with R-CEN was diminished in PD compared to MC, and R-CEN coupling with DMN 
was aberrantly positive in PD compared to the expected anti-correlation between these 
networks observed in the MC group. We did not observe differences in functional 
coupling between the SN and DMN in the PD group compared to the MC group (p>0.6), 
and there were no associations between cognitive performance and functional coupling 
between any of the three neurocognitive networks in individuals with PD.   	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4.4 DISCUSSION 
We found evidence of cognitive dysfunction across domains of executive 
functioning, psychomotor speed, and verbal memory delayed recall in non-demented 
individuals with PD compared to age- and education- matched control participants, 
replicating what has been previously reported (Barone et al., 2011; Kudlicka, Clare, & 
Hindle, 2011). Our cognitive assessments included an executive functioning measure of 
set-shifting ability, a measure of psychomotor speed, and a verbal memory delayed recall 
measure.  Our primary finding is of significant correlations between performance on each 
of these measures and functional coupling between the salience network (SN) and the 
default mode network (DMN) in the MC participants, but no such association between 
functional network coupling and cognitive performance in PD. The results provide 
evidence for a dysfunctional interaction between neurocognitive network coupling and 
cognitive performance in PD, and specifically a lack of interaction between SN-DMN 
coupling and cognition. 
 Cognitive impairment in early stages of PD is present in many individuals, but is 
often under-recognized using routine screening methods (Mamikonyan et al., 2009). In 
the present study we found evidence of cognitive deficits across tests of executive 
functioning, psychomotor speed, and verbal memory recall in PD individuals with 
MMSE scores that were comparable to those of age- and education- matched control 
participants. Each of these cognitive tasks required the individual to focus on external 
demands and suppress internal self-referential thoughts. Successful cognitive 
performance on these tasks requires switching between externally and internally salient 
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stimuli, calling upon anti-correlated network coupling between the SN and the DMN. Our 
findings demonstrate that successful performance on tasks requiring a high level of 
cognitive control is related to intrinsic functional coupling between the SN and DMN in 
older healthy adults, while poorer cognitive performance on these same tasks in PD 
showed no association with the intrinsic coupling between SN and DMN. 
The three core neurocognitive networks examined here (SN, DMN, CEN) are 
thought to heavily influence cognitive task performance (Fox, Snyder, Vincent, & 
Raichle, 2007; Seeley et al., 2007; Sridharan et al., 2008). The SN plays the critical role 
of responding to external events that are behaviorally salient, and switching between 
activation of the DMN and CEN during tasks that require an internal focus of attention or 
an external focus of attention (Menon & Uddin, 2010). The SN becomes dysfunctional in 
PD as its key nodes, the anterior insula and dorsal anterior cingulate cortex, become 
direct targets of PD-related striatal disruption. Recent work has found that individuals 
with PD and mild cognitive impairment demonstrated striatal dopamine depletion with 
reduced D2 receptor availability in the bilateral insula, compared to cognitively normal 
PD patients and healthy control participants (Christopher, Marras, et al., 2014). This 
finding suggests that striatal dopamine depletion directly impacts the functional integrity 
of the insula, a key hub of the salience network, specifically in individuals with PD who 
are beginning to demonstrate cognitive impairment.  
Interactions between the SN and the DMN in particular seem to be crucial in the 
control of attention required for demanding cognitive tasks. In the healthy brain, the SN 
suppresses activity within the DMN during externally salient cognitive tasks but activates 
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the DMN when attention is directed internally (e.g. during self-referential thinking). 
DMN activity is usually anti-correlated with that of the SN during cognitively demanding 
tasks and during the resting state, and greater anti-correlation between the SN and DMN 
is associated with more efficient cognitive control (Kelly, Uddin, Biswal, Castellanos, & 
Milham, 2008). In the brain of an individual with PD, it is proposed that the SN becomes 
dysfunctional and is no longer able to suppress DMN activity effectively (Bonnelle et al., 
2012; Jilka et al., 2014). 
Failures of DMN deactivation are associated with reduced sustained attention in healthy 
adults (Weissman, Roberts, Visscher, & Woldorff, 2006), and are observed across many 
neurological diseases (Leech & Sharp, 2014). In PD, decreased intra-network DMN 
connectivity at rest was reported to be associated with decreased processing speed and 
increased time on tasks requiring a high level of cognitive control (Disbrow et al., 2014), 
suggesting that DMN integrity is critical for efficient cognition. Compared with 
cognitively intact individuals, individuals with PD who have mild cognitive impairment 
also demonstrated dopaminergic deficits within the SN and DMN that have been 
associated with disrupted memory retrieval, such that lower dopamine availability 
correlated with poorer memory performance (Christopher et al., 2015). This finding, 
along with those of our current study, suggests that abnormal interactions between the SN 
and the DMN impacts information processing required for successful set-shifting, speed 
of information processing, and memory retrieval in PD.  
While we observed group differences in the association between cognitive 
performance and functional network coupling between the SN and the DMN, we did not 
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find a similar effect when evaluating SN-CEN interactions. In fact, we did not find any 
associations between SN-CEN coupling and cognitive performance even within our MC 
group. This finding is consistent with recent work emphasizing the role of the DMN over 
the CEN in highly demanding cognitive tasks (Disbrow et al., 2014; Duan et al., 2012). A 
recent investigation in a neurotypical population examining four large-scale networks 
(DMN, CEN, SN, and the dorsal attention network; DAN) during the resting state and 
during a highly-demanding executive function task (a complex chess game) revealed that 
the activity of the DMN, alone of the networks studied, as well as DMN-striatal 
connectivity, distinguished between the varying levels of successful problem-solving 
executive functioning abilities (Duan et al., 2012). Further, in contrast with the DMN, 
nodes within the CEN are not a major site of dopamine deficiency in PD (Christopher et 
al., 2015) and the CEN does not demonstrate intra-network connectivity changes 
compared to healthy control participants in early stages of PD (Disbrow et al., 2014). 
Taken together, this evidence suggests that although the CEN is an important network for 
cognitively demanding tasks, dopamine deficiency in PD may selectively affect the 
integrity of the DMN, and connections between the SN and DMN, rather than the CEN. 
These network changes within the SN and DMN and resulting dysfunctional inter-
network interactions may be responsible for cognitive dysfunction in PD. 
PD participants in this study were evaluated on peak levels of dopaminergic 
medications, which limits our ability to address questions related to the effects of 
dopamine on neurocognitive network interactions in the absence of medication effects. 
Although our approximation of levodopa equivalent dosage (LED) did not correlate 
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significantly with any measure of functional coupling or with cognitive performance, we 
cannot completely rule out the possibility that dopamine medication is related in some 
way to the absence of association between SN-DMN coupling and cognitive performance 
in PD. There is some evidence that dopaminergic therapy diminishes DMN integrity 
(Krajcovicova et al., 2012). However, examining the network connectivity of individuals 
with PD on medication has great utility as most patients experience cognitive dysfunction 
and disrupted activities in daily living even during peak medication states. Dopamine 
replacement therapy does not ameliorate cognitive disturbances specific to attentional set-
shifting and other aspects of executive functioning (Lewis et al., 2005; Poletti & 
Bonuccelli, 2013), which are subserved by the neurocognitive networks examined in our 
present study.  
Neurodegeneration is thought to confer selective vulnerability upon specific 
large-scale brain networks, rather than eliciting diffuse and random effects (Seeley, 
Crawford, Zhou, Miller, & Greicius, 2009). We provide evidence in this study of 
dysfunctional associations between cognitive performance and functional coupling 
between the SN and the DMN in PD. In healthy adults matched for age to the PD group, 
we found that successful cognitive performance was related to anti-correlated functional 
coupling between the SN and DMN. This association was not observed in the PD group, 
suggesting that dysfunctional neurocognitive network interaction may underlie early 
cognitive deficits in non-demented individuals with PD. 	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4.5 CHAPTER FOUR TABLE AND FIGURES 
 
Table 3. Participant Characteristics for Study 3. Values presented in the table are 
means ± standard deviations, unless otherwise noted. * Indicates group differences at a 
significance level of p<0.05, ** p < 0.005. MMSE: Mini-Mental State Examination. 
UPDRS: Unified Parkinson’s Disease Rating Scale.  BDI-II: Beck Depression Inventory, 
2nd Edition. BAI: Beck Anxiety Inventory.  
 
 PD (N = 24) MC (N = 20) 
Age (years) 62.5 ± 6.4 65.9 ± 9.4 
Male/Female 12/12 9/11 
Education (years) 17.6 ± 2.2 16.6 ± 2.2 
MMSE (out of 30) 28.6 ± 0.9 28.8 ± 0.8 
BDI-II 5.8 ± 4.4* 2.3 ± 2.9 
BAI 5.3 ± 3.7 ** 1.5 ± 2.1 
UPDRS Total 27.1 ± 10.8 -- 
UPDRS Motor 16.1 ± 7.2 -- 
Levodopa Equivalent 
Dosage (mg/day) 368.9 ± 261.9 -- 
Hoehn and Yahr 
2 (median); 
1 (min) to 3 (max) -- 
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Figure 7. PD participants performed significantly worse than MC participants across 
multiple cognitive domains, including executive function (Trail Making Test Part B; t= -
3.14, p=0.003), psychomotor processing speed (Purdue Pegboard; t=5.3, p<0.001), and 
delayed verbal recall (RAVLT 30 minute Delay Recall; t=2.05, p=0.04).  *Negative 
Trails B scores indicate better (faster) performance on this test.  
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Figure 8. SN coupling with DMN relates to cognition in MC but not PD. Functional 
coupling between the Salience Network (SN) and the Default Mode Network (DMN) is 
related inversely to better cognitive performance in MC across all three cognitive 
domains: (A) Executive function (Trail Making Test- Part B; r= 0.54, p=0.016), (B) 
Psychomotor Processing Speed (Purdue Pegboard; r= -0.66, p=0.001), and (C) Verbal 
Memory Recall (RAVLT 30-minute Delay; r= -0.54, p=0.015). This association suggests 
that anti-correlations between the SN and DMN are related to better cognitive 
performance in MC. There are no significant associations between cognitive performance 
and functional coupling between these networks in PD. Each data point represents an 
individual participant. 	  
(A)	   	   	   	   	   (B)	  
	   	  	  
(C)	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CHAPTER FIVE: SUMMARY AND DISCUSSION 
5.1 SUMMARY OF RESULTS 
5.1.1 RESTATEMENT OF STUDY GOALS 
The three studies described in this dissertation were conducted with the goal of 
examining the neural substrates underlying perceptual and cognitive changes that occur 
in Parkinson’s disease with a focus on cortical networks. The first study, described in 
Chapter 2 (published as Putcha et al. 2014), examined neural activation in response to 
optic flow motion stimuli. In light of behavioral reports of optic flow perceptual deficits 
in PD patients, this experiment set out to compare the pattern of activation within an optic 
flow network of regions in individuals with PD compared to age- and education-matched 
control participants (MC). The primary goal was to determine if individuals with PD 
demonstrate neuronal dysfunction within regions comprising an optic flow network when 
processing optic flow motion compared to MC. It was hypothesized that individuals with 
PD would demonstrate diminished magnitude of activation across these visual and visuo-
vestibular regions composing the optic flow network, compared to robust activations 
observed in MC participants during the perception of optic flow motion. The rationale for 
this study was to identify visuoperceptual processing deficits at the neural level to 
determine if higher-order visuospatial cognitive deficits observed in PD could be 
reflecting a lower-order deficit in visuoperceptual processing.  
 The second study, described in Chapter 3 (published as Putcha et al. 2015), 
examined intrinsic functional connectivity of large-scale neurocognitive networks during 
the resting state in PD and MC individuals. These large-scale neurocognitive networks 
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(salience network, default mode network, and central executive network) are known to be 
important for efficient cognitive function, and are disrupted across many neurological and 
psychiatric disorders.  The primary goals of this study were to determine if (1) functional 
coupling between the striatum, a major site of dopamine depletion in PD, and any of the 
neurocognitive networks is disrupted in PD compared to MC, and (2) if functional 
coupling between the neurocognitive networks is dysfunctional in PD compared to MC. 
The hypothesis was that individuals with PD would demonstrate reduced functional 
coupling between the salience network and default mode network, as well as between the 
salience network and central executive network, compared to MC participants. The third 
study, described in Chapter 4, follows up closely with the second study in examining the 
cognitive correlates of inter-network functional coupling among the neurocognitive 
networks of interest in PD and MC participants. The goal of the third study was to 
determine if functional coupling between any specific networks were critical for 
supporting cognition differently in PD compared to MC. It was hypothesized that 
individuals with PD would demonstrate cognitive impairment relative to MC individuals, 
which would relate to dysfunctional coupling between the neurocognitive networks of 
interest. Together, these studies aimed to elucidate the neural substrates of perceptual and 
cognitive symptoms in early stages of PD.  
5.1.2 SUMMARY OF RESULTS FROM STUDY 1 
The first study, described in Chapter 2, used functional MRI to examine the 
neural activation patterns within an optic flow motion network in response to processing 
optic flow motion stimuli in a group of PD patients and MC participants. The task 
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required passive viewing from participants of blocks of flow motion and blocks of 
random visual motion. Presentation of flow motion and random motion alternated, and 
magnitude of activation within these blocks was contrasted to select for activation in 
response to optic flow. Critically, the visual motion in the “flow” condition alternated 
between clockwise, counter-clockwise, during inward and outward movement of the dot 
stimuli, to mimic real life percepts of visual motion information.  
The analysis of neural activation focused on five regions of interests comprising 
an optic flow network: three visual areas driven by motion information (V6, V3A, and 
MT+) and two visuo-vestibular areas also driven by optic flow information as well as the 
integration of flow motion with vestibular inputs (CSv and PIVC). Optic flow processing 
activated all five of these regions in MC participants, but demonstrated diminished 
activation within one visual motion region (MT+) and one visuo-vestibular area (CSv) in 
PD participants. Further, disease severity in our PD participants was negatively 
associated with activation in area CSv, such that individuals with more severe disease 
progression demonstrated lower activity in CSv during optic flow motion processing. The 
results also found that disease severity in the PD participants was related to coherent 
motion detection ability, such that more progressed individuals with PD required higher 
dot coherence to successfully determine the direction of motion. This suggests that as PD 
progresses, individuals may become more compromised in their ability to perceive 
direction of coherent motion. Critically, there were no group differences on basic visual 
acuity and no differences observed in the neural activity within primary visual cortex 
during either condition or during the contrast of flow versus random motion. There were 
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also no group differences in low-level coherent motion detection behaviorally on a 
detection task conducted outside of the scanner. These similarities between PD and MC 
groups on low-level visual functioning emphasize that our findings of group differences 
in optic flow processing derives specifically from compromised functioning in higher-
order visual regions comprising the optic flow network described above. 
5.1.3 SUMMARY OF RESULTS FROM STUDY 2 
The second study, described in Chapter 3, used fMRI during the resting state to 
identify intrinsic functional network connectivity in PD and MC. As the organization of 
spontaneous resting activity in the brain is thought to reflect a history of past task-
induced activation as well as predict future network responses and performance on a 
range of cognitive tasks, the goal of this study was to identify changes in resting state 
organization of these widely distributed large-scale networks known to be important for 
efficient cognition. The study was designed to focus on the dorsal striatum, a primary 
target of PD pathological change, and connections among three core neurocognitive 
networks: the salience network (SN), the default mode network (DMN), and the right- 
and left- localized central executive networks (R-CEN and L-CEN).  
Disruptions in resting state functional connectivity between these large-scale 
neurocognitive networks were found in PD compared to MC. Similar to what has 
previously been demonstrated in young healthy adults, the expected anti-correlation 
between the R-CEN and DMN was observed in MC. However, no correlation between 
the R-CEN and DMN was observed in PD. Additionally, in PD compared to MC, a 
reduction in coupling strength between the SN and R-CEN approaching no correlation 
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was also observed, while positive SN coupling with the R-CEN was found as 
hypothesized in the MC group. Importantly, functional coupling between the striatum and 
the SN was found to be negatively associated with disease severity in PD participants, 
suggesting that as the disease progresses, the healthy positive functional coupling 
between the striatum and the SN decreases. In individuals with the highest severity of 
disease, functional coupling between the striatum and the SN became anti-correlated.  
5.1.4 SUMMARY OF RESULTS FROM STUDY 3 
The third study, as described in Chapter 4, focused on the cognitive correlates of 
functional coupling between core neurocognitive networks. The goals of this study were 
to build on findings from the second study and identify (1) if subtle cognitive impairment 
could be observed in the group of non-demented individuals with PD who performed 
comparably to MC on a cognitive screening measure, and (2) to determine if this decline 
in cognitive performance was related differently to measures of intrinsic functional 
coupling between the large-scale neurocognitive networks described in the second study. 
The third study was designed to investigate cognitive performance on tests from three 
domains of cognition that are challenging in older adult populations and drive the 
neurocognitive networks in question, and in which individuals with PD most reliably 
demonstrate cognitive deficits in the literature. These domains included executive 
functioning (set-shifting), psychomotor processing speed (fine motor dexterity) and 
verbal memory recall (30-minute delayed recall of a list learning task).   
Evidence of cognitive impairment was found in PD across all cognitive domains 
compared to MC participants. Critically, consistent with previous reports in young 
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healthy adults, anti-correlations between the SN and DMN in particular were correlated 
with the most successful performance on all measures of cognition in the MC group. 
However, there was no evidence of association between SN-DMN or any other inter-
network functional coupling measure and cognition in the PD group. Taken together, 
these findings demonstrate that (1) PD individuals without dementia in mild to moderate 
stages of disease progression may still demonstrate cognitive impairment compared to 
MC participants across a range of cognitive domains, (2) inter-network functional 
coupling between the SN and DMN in particular may be critical for efficient cognitive 
control, and (3) dysfunctional interactions between the SN and DMN may underlie the 
pathophysiology of cognitive impairment in PD.  
 
5.2 DISCUSSION OF FINDINGS 
5.2.1 VISUOPERCEPTUAL DYSFUNCTION IN PD 
Visuoperceptual dysfunction is one of the non-motor symptoms of PD that can 
play a significant role in functional independence of daily living. Visual symptoms may 
include deficits in eye movement or more complex visual tasks involving the ability to 
judge distance, spatial orientation, and motion information (Armstrong, 2011; Cronin-
Golomb, 2010). Some of these higher-order visuospatial impairments (e.g. navigation, 
veering of gait, direction selectivity) are thought to be related to dysfunctional neural 
processing of egocentric visual motion, or optic flow (Chou et al., 2009; Davidsdottir et 
al., 2008; Young et al., 2010). The results from Study 1, described in Chapter 2, provided 
evidence for diminished activation within an optic flow network of regions in individuals 
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with PD, compared to age- and education-matched control participants (MC).  These 
changes specifically described diminished magnitude of activation in response to optic 
flow stimuli in area MT+ in the lateral occipital/postero-inferior temporal cortices of the 
human brain as well as in a visuo-vestibular region CSv located in the dorsal cingulate 
sulcus.  
 Building on the classic understanding of basal ganglia organization describing 
three loop divisions of the corticostriatal system (limbic, motor, and associative) 
(Alexander et al., 1986), a more recent revision of this system, one including a visual 
corticostriatal system (Lawrence et al., 1998), has allowed researchers to focus on visual 
symptoms of PD. The visual corticostriatal loop consists of the lateral and inferior 
temporal higher order visual cortex, with target regions in the tail and genu of the caudate 
and subsequent projections through the basal ganglia output nuclei to the thalamus 
(Seger, 2013). The genu and tail of the caudate also pass laterally to the lateral geniculate 
nucleus and the tail lies medial to deep portions of the middle temporal cortex. The visual 
corticostriatal loop together with the oculomotor loop, described as connecting cortical 
regions involved in visual attention and eye movement planning to the body of the 
caudate nucleus, together connect the striatum to distributed neural networks specialized 
to be sensitive to processing visual information at a high level (Ding & Gold, 2013).  It 
follows that dopaminergic depletion in the striatum could lead to dysfunction within the 
visual corticostriatal regions described above and within higher-order visual processing 
networks such as the optic flow network.  
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Recent work supports this framework and describes the effect of striatal dopamine 
depletion both structurally and functionally on neocortical areas important for visual 
perception. One recent study demonstrated that posterior portions of the lateral temporal 
cortex and adjacent extrastriate visual cortex in lateral occipital cortex showed reductions 
of gray matter density in individuals with PD in later stages of the disease compared to 
normal aging (Potgieser et al., 2014). Functionally, individuals with PD have 
demonstrated diminished default mode network (DMN) connectivity with brain regions 
involved in bottom-up visual processing as well as impaired integration of areas engaged 
in the ventral attentional network during the early stages of PD (Rektorova, 
Krajcovicova, Marecek, Novakova, & Mikl, 2014). Individuals with PD dementia 
demonstrate decreased glucose metabolism in posterior visual association areas, 
precuneus/posterior cingulate cortex, and dorsal cingulate sulcus compared to PD 
individuals diagnosed with mild cognitive impairment (Bohnen et al., 2011; Garcia-
Garcia et al., 2012). Taken together, this converging evidence supports the presence of 
PD-related pathological changes in widespread cortical networks involved in visuospatial 
perception (Williams-Gray et al., 2009). 
Within the optic flow network of regions comprising lower-level visual motion 
areas (V1, MT+, V3A, and V6) and higher-level visuo-vestibular regions (CSv and 
PIVC), visual motion information feeds forward from the lower-level areas to the more 
anterior visuo-vestibular regions where information about body position in space is 
processed to create an integrated sense of optic flow perception relative to the self 
(Browning et al., 2009). PIVC and CSv receive inputs from V6 and MT+ (Cardin & 
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Smith, 2010) in response to coherent egomotion stimuli (Wall & Smith, 2008). Area CSv 
in particular has been described as a region that specializes in integrating visual input 
with vestibular signals and is implicated in the visual and postural orientation of oneself 
(Dean & Platt, 2006; Vogt et al., 2006).  The findings from Study 1 of this dissertation of 
diminished activity within the MT+ complex, and CSv in particular, may explain the 
behavioral observations of proprioceptive orientation deficits in individuals with PD 
(Jacobs & Horak, 2006; Vaugoyeau & Azulay, 2010). These neural changes in 
processing of visual motion percepts and failure to integrate with vestibular signaling 
may underlie not only proprioceptive integration deficits, but also postural instability and 
visuospatial cognitive dysfunction (Amick et al., 2006; Jacobs & Horak, 2006; Poletti et 
al., 2012; Stepkina et al., 2010; Vaugoyeau & Azulay, 2010). These findings provide 
evidence building on the current literature that PD pathology influences optic flow 
processing at the neural level even in the mild to moderate stages of the disease. 
 
5.2.2 BEYOND THE STRIATUM: THREE CORE NEUROCOGNITIVE NETWORKS 
As previously described, local disruptions in dopamine function of the striatum 
and basal ganglia negatively impact the functional integrity of striato-thalamo-cortical 
loops. This phenomenon indicates that distributed cortical networks are also affected by 
disease progression (Alexander & Crutcher, 1990; Monchi et al., 2006). Converging 
evidence from neuropathological (Braak, Rub, et al., 2006) and neuroimaging (Buckner 
et al., 2005; Greicius et al., 2004) work in Alzheimer’s disease suggests that 
neurodegeneration may be related to the dysfunction of widespread neural networks 
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rather than specific foci, emphasizing the selective vulnerability of large-scale networks 
in neurodegenerative disease (Seeley et al., 2009). In PD, recent graph theoretical 
modeling approaches have also found reduced whole-brain global connectivity 
(Skidmore et al., 2011) as well as reduced local efficiency in pre-central regions, and 
primary and secondary visual cortices (Gottlich et al., 2013). Findings from task-based 
fMRI as well as task-free resting state fMRI studies exploring functional connectivity of 
the brain in healthy individuals suggest that a competitive relationship exists between 
specific networks supporting externally focused attention and internally focused 
cognition (Kelly et al., 2008; Menon, 2011; Sridharan et al., 2008), with the anterior 
insula as the integral hub in mediating these dynamic interactions (Menon & Uddin, 
2010). The findings from Study 2 and Study 3 described in Chapter 3 and Chapter 4 
provide evidence for network-level disruptions among these same large-scale networks in 
Parkinson’s disease. 
The system-wide coordination of large-scale brain networks gives rise to specific 
temporally coherent brain states that support cognitive functions (Sporns, 2014). 
Observations of large-scale network organization within the human brain emphasizes 
both functional segregation, where densely connected network modules promote 
specialized processing, as well as the functional integration of information across 
multiple functional domains, ensuring efficient processing and cognitive abilities 
(Sporns, 2013). Large-scale network analyses across many psychiatric (generalized 
anxiety, obsessive-compulsive disorder, schizophrenia) and neurological (Alzheimer’s 
disease, behavioral variant Fronto-Temporal Dementia) disorders have given rise to a 
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unifying triple network model highlighting three neurocognitive networks in particular as 
critical in the pathophysiology of cognitive dysfunction (Menon, 2011). These networks, 
the salience network (SN), the default mode network (DMN), and the central executive 
network (CEN), are not only critical for efficient cognitive processing but they 
systematically become dysfunctional across a variety of neuropsychiatric disorders, 
identifying them as especially vulnerable networks in the process of neuropathology and 
degeneration. The SN in particular functions to switch between activation of the DMN 
and CEN in order to facilitate access to attention externally when a salient event is 
detected, or internally to modulate autobiographical or self-referential processing. 
Identifying specific dysfunctional interactions within this triple network model could 
provide significant insight into pathophysiology of cognitive impairment in PD.  
The findings from Study 2 of this dissertation demonstrated disruptions to the 
intrinsic functional coupling between these large-scale core neurocognitive networks. The 
inter-network interactions observed in the PD individuals in this study revealed 
aberrantly positive coupling between the DMN and CEN as well as reduced coupling 
between the SN and CEN compared to healthy older control participants. These findings 
likely reflect a failure to suppress DMN activity as has been demonstrated previously in 
PD literature (van Eimeren et al., 2009), but could also reflect downstream effects of a 
dysfunctional insular cortex and thus, dysfunction of the SN.  
The anterior insula, an important node of the SN (Menon & Uddin, 2010; Seeley 
et al., 2007), is the first neocortical region to succumb to PD-related pathology (Braak, 
Bohl, et al., 2006). Neuropathological work confirms that alpha-synuclein deposition is 
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detected in Braak stage 5, after motor symptoms become apparent at initial diagnosis 
(Braak, Bohl, et al., 2006), with some suggesting that this observation could occur even 
earlier in the disease process (Burke et al., 2008). Further, the insula is anatomically and 
functionally connected to the striatum, a primary location of dopamine deficiency in PD 
(Chikama et al., 1997; Fudge et al., 2005). Recent evidence further implicates the 
dysfunction of the anterior insula by demonstrating parallel dopamine depletion in the 
striatum and insula (Christopher, Marras, et al., 2014; Shine et al., 2013), as well as 
findings that insular D2 signaling loss disrupts modulation of SN activity (Menon & 
Uddin, 2010). This loss of functional integrity within the SN likely impairs its function in 
coordinating interactions between the other large-scale neurocognitive networks 
(Sridharan et al., 2008).  Study 2 also provides evidence of a breakdown in intrinsic 
functional coupling between the SN and the striatum being related to increased disease 
severity as measured by the Unified Parkinson’s Disease Rating Scale. This finding 
argues that PD-related striatal dysfunction may lead to functional disruptions in the 
communication between the striatum and the insula, contributing to dysfunctional 
dynamic interactions among the core neurocognitive networks and ultimately, 
contributing to the worsening of cognitive symptoms.  	  
5.2.3 IMPORTANCE OF SN AND DMN FOR EFFICIENT COGNITION 
Although the specific roles and mechanisms of the cholinergic and dopaminergic 
systems in the pathogenesis and progression of cognitive symptoms in PD are still 
debated, preservation of dopamine is considered crucial for healthy cognitive functioning. 
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However, levodopa therapy has inconsistent and unreliable effects on cognitive 
symptoms of PD, depending on disease state and the integrity of striatal dopamine 
signaling (Cools, 2006; Muller, Benz, & Bornke, 2001). There is strong evidence 
implicating at least three major dopaminergic pathways (nigrostriatal, mesocortical, and 
mesolimbic) originating in the brainstem that suggest that the dopaminergic systems 
plays a very important role in PD-related cognitive dysfunction. However, the same 
treatment that ameliorates the classic motor symptoms in PD does not improve cognitive 
dysfunction, suggesting that the understanding of brain systems involved in pathogenesis 
of cognitive impairment in PD is still not clearly understood.  
An important example of such cognitive impairment lies in the domain of 
executive functioning, which is the earliest and most reliably reported cognitive changes 
in PD (Caballol et al., 2007). Executive functions are a group of psychological processes 
that regulate and control cognitive processes. A study conducted nearly two decades ago 
reported that executive dysfunction in PD was not correlated with motor function (Van 
Spaendonck, Berger, Horstink, Buytenhuijs, & Cools, 1996), and subsequent studies have 
reported that dopamine therapy does not reliable improve executive dysfunction in mild 
(Pascual-Sedano et al., 2008) to moderate PD (Morrison, Borod, Brin, Halbig, & Olanow, 
2004) PD. Further, studies have shown that dopaminergic medications can in fact have 
detrimental effects on this aspect of cognition (Cools, Barker, Sahakian, & Robbins, 
2001; Cools & D'Esposito, 2011), though motor symptoms concurrently improve. These, 
and other convergent evidence, strongly suggest that the pathophysiology of cognitive 
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impairment likely involves corticostriatal circuitry distinct from those that subserve the 
classic motor symptoms in PD (Cooper et al., 1991; Huang et al., 2007).  
In earlier sections, the importance of the SN and core neurocognitive networks 
was discussed. The interactions between the SN and DMN in particular appear to be 
crucial in the control of attention between external and internally focused cognitive tasks. 
In the healthy brain, the SN causally suppresses activity within the DMN during 
demanding cognitive tasks but activates the DMN when attention is directed internally 
(e.g. during self-referential thinking). DMN activity is usually anti-correlated with that of 
the SN during cognitively demanding task and during the resting state, and greater anti-
correlation between the SN and DMN is associated with more efficient cognitive control 
(Kelly et al., 2008). In the brain of an individual with PD, it is likely that the SN becomes 
dysfunctional and is no longer able to suppress DMN activity effectively. An intact SN is 
necessary to regulate the DMN, as supported by evidence from TBI research 
demonstrating that damage of white matter tracts within the SN is a strong predictor of 
failure to appropriately deactivate the DMN (Bonnelle et al., 2012). Furthermore, the 
functional connection between SN and DMN is emphasized by a recent finding showing 
a structurally damaged SN in TBI patients correlates strongly with a functional 
connectivity breakdown between the SN and DMN (Jilka et al., 2014).  
Failures of DMN deactivation are associated with reduced sustained attention in 
healthy adults (Weissman et al., 2006) and are observed across many neurological 
diseases (Leech & Sharp, 2014). Recent work in PD has demonstrated decreased 
functional connectivity between the posterior hubs of the DMN prior to structural 
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abnormalities, and related to cognitive decline in non-demented individuals (Tessitore et 
al., 2012). Other evidence suggests that intra-network DMN connectivity at rest is 
associated with decreased processing speed and increased time on tasks requiring a high 
level of cognitive control (Disbrow et al., 2014). Compared with cognitively intact 
individuals, individuals with PD who have mild cognitive impairment also demonstrate 
dopaminergic deficits within the SN and DMN that have been linked to disrupted 
memory retrieval (Christopher et al., 2015). Together, the work thus far suggests that 
DMN functional integrity is critical for efficient cognition and can become dysfunctional 
even in early stages of PD. Along with the current findings, the evidence suggests that 
abnormal interactions between the SN and the DMN due to dopamine dysfunction 
impacts information processing required for efficiently performing cognitively 
demanding tasks.  	  	  
5.3. IMPLICATIONS FOR TREATMENT AND FUTURE RESEARCH 
Cognitive impairment is a very important and common non-motor feature of PD 
that represents a major impact on patients’ and caregivers’ quality of life (Chaudhuri & 
Schapira, 2009; Muslimovic et al., 2005). The presentation and severity of these 
cognitive changes range from minor symptoms of executive dysfunction to frank 
dementia and loss of independence of daily activities (Forsaa et al., 2010). Even in early 
stages of the disease, cognitive dysfunction can interfere with daily activities such as 
driving (Uc et al., 2007; Uc et al., 2011) and predict nursing home placement down the 
line (Aarsland et al., 2001).  Notably, these non-motor symptoms can precede diagnosis 
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of motor symptoms by several decades (Claassen et al., 2010).  Identifying the 
mechanism of cognitive dysfunction in PD is crucial for treating these symptoms, as we 
currently have very few effective treatments for this aspect of Parkinson’s disease 
(Narayanan, Rodnitzky, & Uc, 2013). 
PD participants in these studies were evaluated only on peak levels of 
dopaminergic medications, which limits the scope of conclusions related to the effects of 
dopamine on neurocognitive network interactions. Although the approximated levodopa 
equivalent dosage (LED) was not correlated significantly with any measure of interest in 
terms of neural activation, inter-network functional coupling, or cognitive performance, 
the possibility that dopamine medication is related in some way to the present findings 
cannot be completely ruled out. There is some evidence from previously published 
literature that dopaminergic therapy diminishes DMN integrity (Krajcovicova et al., 
2012). Similarly, dopamine replacement therapy has also been linked to differential 
spatial remapping of cortico-striatal connectivity in chronically medicated and drug-naïve 
patients, such that drug-naïve patients demonstrated striatal hyperconnectivity with 
cortical regions and PD individuals ON medication demonstrated a general decrease in 
connectivity strength (Kwak et al., 2010).  
Despite this consideration, it is worth noting that examining the network level 
dynamics of PD individuals on medication has great utility because most patients 
experience cognitive dysfunction and disrupted activities in daily living even during peak 
medication states. To emphasize this point, previous work has shown that dopamine 
replacement therapy does not ameliorate cognitive disturbances specific to attentional set-
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shifting and other aspects of executive functioning (Lewis et al., 2005; Poletti & 
Bonuccelli, 2013), which are subserved by the neurocognitive networks examined in the 
present studies. Going forward, results from studies like these examining changes in 
network level organization in medicated individuals with PD should be used to develop 
pharmacological and behavioral interventions designed to support vulnerable 
neurocognitive networks at the earliest stages of disease identification.  	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